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“ What I have done is to show that it is possible for the way the universe began to be determined by the laws of science.
In that case, it would not be necessary to appeal to God to decide how the universe began. This doesn’t prove that there
is no God, only that God is not necessary. "
Stephen Hawking
UNIVERSITY OF CALCUTTA
Abstract
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Implications Of The Higgs Discovery On Physics Beyond The Standard Model
by Dipankar Das
In this thesis, we investigate the implications of the LHC Higgs data on different BSM scenarios.
Since the data seem to agree with the SM expectations, any nonstandard couplings will be
strongly constrained. First we investigate, in a model independent way, the constraints on the
nonstandard Higgs couplings with the fermions and the vector bosons in view of high energy
unitarity and the measured value of the Higgs to diphoton signal strength. Then we concentrate
on a particular BSM scenario, namely, the two Higgs-doublet models (2HDMs). Consistency
of the Higgs data with the corresponding SM predictions strongly motivates us to work in the
alignment limit. In this limit, including the informations of Higgs mass and its SM-like nature, we
find many new constraints on the nonstandard masses and tanβ. We also study the constraints
on the charged scalar mass arising from the h→ γγ signal strength measurements and observe
that the charged scalar does not necessarily decouple from the diphoton decay width. We then
move on to some particular variants of 2HDMs, known as BGL models, and study the flavor
constraints on these models. Here we find that lighter than conventionally allowed nonstandard
scalars can successfully negotiate the stringent bounds coming from flavor physics data and can
leave unconventional decay signatures that can be used as distinctive features of these models.
We also analyze the stability and unitarity constraints in a three Higgs-doublet model (3HDM)
with S3 symmetry and find that there must be many more nonstandard particles below 1 TeV.
We also observe that the nondecoupling feature of the charged scalar in the context of h→ γγ
is not unique to the 2HDMs only, instead it is a general property of the multi doublet extensions
of the SM with an exact discrete symmetry.
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Two roads diverged in a wood, and I,
I took the one less traveled by ...
Robert Frost in “The Road Not Taken"
1
A bottom-up approach to the
Standard Electroweak Theory
The original theory was constructed fifty years ago from gauge theoretical point of view [1].
Here, however, we shall take a different route to reconstruct the essential virtues of the theory
from the consideration of ‘tree-unitarity’ [2,3]. First of all, we need to note that every scattering
amplitude can be expanded in terms of the partial waves [4]:
M(θ) = 16pi
∞∑
l=0
(2l + 1)alPl(cos θ) , (1.1)
where, θ is the angle of scattering. Every partial wave amplitude is bounded from the ‘unitarity’
condition:
|al| ≤ 1 . (1.2)
If we trust in perturbative calculations then the unitarity condition must be satisfied order by
order [5], i.e., it must hold in tree level also. If the tree level amplitude grows with energy then
unitarity is bound to be violated at large energies. In view of this, let us postulate the following:
Any remnant energy growth in a scattering amplitude must be canceled either
by tuning the couplings suitably or, if the first option is unavailable, by introducing
1
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Figure 1.1: Schematic diagram for scattering by a potential V (~r).
new particles.
In the following sections we shall see how this hypothesis along with the experimental facts and
the requirement of ‘minimality’ lead us to the correct description of nature.
1.1 A quantum mechanical prelude
A good way to start will be to make a sense of Eqs. (1.1) and (1.2) from the lessons of quantum
mechanical scattering. Let us consider a scattering experiment in which a steady incident beam
is maintained for an indefinitely long time, i.e. the incident flux, Fin, is constant. Then, there
will be a steady stream of scattered particles too. In Figure 1.1, the incident beam is parallel
to the z-axis and is assumed to be much wider than the zone of influence of the potential,
V (~r), centered at O. Far from this zone of influence a detector, D, measures the number, dn, of
particles scattered per unit time into the solid angle dΩ, centered around the direction defined
by the polar angles θ and φ. The number, dn, is proportional to Fin and to dΩ; the constant of
proportionality, dσ/dΩ, is defined to be the differential scattering cross-section in the direction
(θ,φ). Thus
dn = Fin · dΩ · dσ
dΩ
. (1.3)
In the quantum theory of scattering, we imagine that an incident plane wave, ψin = Aeikz,
traveling along the z-axis, encounters a scattering potential producing an outgoing spherical
wave. At large distances from the scattering center, the form of the wave function ψ(~r) must be
such as to conform to the general pictures outlined below:
1. It must consist of a part of the incident wave corresponding to the parallel beam of incident
particles which transmitted unmodified.
2. Another part ψsc representing the scattered particles, having same energy as the incident
particles (because of elastic scattering) and moving radially outwards from the center.
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Thus we may write,
ψ(~r)r→∞ ≈ eikz + f(θ, φ)
eikr
r︸ ︷︷ ︸
ψsc
. (1.4)
In this expression, only the function f(θ, φ), which is called the scattering amplitude, depends on
the potential V (~r). The φ dependence should be included in the general case, to account for the
anisotropy of the potential. However, if the target is azimuthally symmetrical, the φ dependence
would no longer be present. Note that, the spherical wave carries a factor of 1/r, because this
portion of |ψ|2 is spherically diverging and must go like 1/r2 to conserve probability.
1.1.1 Calculation of differential cross section
We recall that the expression for the current density J(~r) associated with a wave function ψ(~r)
is:
~J(~r) =
~
2im
[
ψ∗(~∇ψ)− (~∇ψ∗)ψ
]
=
1
m
Re
[
ψ∗(~r)
~
i
~∇ψ(~r)
]
. (1.5)
The incident and scattered fluxes are obviously proportional to the normal components of ~Jin
and ~Jsc respectively. We will call the proportionality constant C. Since ψin = eikz, we obtain
(Jin)z =
1
m
Re
[
e−ikz
~
i
∂
∂z
eikz
]
=
~k
m
, (1.6)
⇒ Fin = C (Jin)z . (1.7)
For radially diverging scattered wave, the number of particles crossing an area d~s = dsrˆ, sub-
tending solid angle dΩ at the origin is
dn = C ~Jsc︸︷︷︸
~Fsc
.(dsrˆ) = C(Jsc)rds . (1.8)
Clearly, it is the r-th component of ~Jsc which receives our attention. Remembering ψsc =
1
rf(θ, φ)e
ikr we may get,
(Jsc)r =
1
m
Re
[
f∗(θ, φ)
e−ikr
r
~
i
∂
∂r
{f(θ, φ)e
ikr
r
}
]
=
1
m
|f(θ, φ)|2~k
r2
(1.9)
Hence,
dn =
C
m
|f(θ, φ)|2~kds
r2
= Fin|f(θ, φ)|2dΩ . (1.10)
Comparing this with Eq. (1.3) we obtain,
dσ
dΩ
= |f(θ, φ)|2 . (1.11)
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Thus problem of determining the scattering cross section reduces to finding the scattering am-
plitude, f(θ, φ), in quantum mechanics. The quantity, f(θ, φ), actually tells us about the ‘prob-
ability amplitude’ for scattering in a direction (θ, φ), and hence is related to the differential
cross-section which is the quantity of interest for the experimentalists. The scattering amplitude
is obtained by solving the Schrödinger equation under the scattering potential. Depending on the
mathematical form of the potential, there are several methods to find the scattering amplitude.
The method of partial waves, in particular, comes in handy when the potential is central.
1.1.2 Method of partial waves
In the special case of a central potential V (r), the orbital angular momentum ~L of the particle
is a constant of motion. Therefore, there exists stationary states with well defined angular
momentum, i.e., eigenstates common to H, L2 and Lz. We shall call such wave functions
‘partial waves’ and denote them as ψklm(~r). Their angular dependence is always given by the
spherical harmonics Y ml (θ, φ) – the potential V (r) influences their radial parts only.
We know that eikz is a solution of the Schrödinger equation with V (r) = 0 in the {H, px, py, pz}
basis and may be denoted by |0, 0, k〉 where z-axis is chosen as the direction of motion. Now if
we wish, we may translate our wave function in terms of ψklm(~r) ≡ Rkl(r)Y ml (θ, φ) which are
the eigenfunctions in the {H, L2, Lz} basis. For a free particle we know that Rkl(r) is a linear
combination of spherical Bessel and Neumann functions. But as Neumann function blows up at
the origin it is dropped out. So we may write,
ψ
(0)
klm(r, θ, φ) = jl(kr)Y
m
l (θ, φ) , (1.12)
where, the superscript ‘0’ denotes that these are ‘free’ (the potential is identically zero) spherical
waves. Let us connect these two sets of bases as follows:
eikz =
∞∑
l=0
+l∑
m=−l
Aml (k)jl(kr)Y ml (θ, φ) , (1.13)
where Aml (k) are suitable expansion coefficients that can only be functions of the magnitude
of the momentum. Since the LHS of above equation is independent of φ, we require that RHS
should also be independent of φ, i.e. m = 0. Thus, we are left with,
eikz =
∞∑
l=0
A0l (k)(k)jl(kr)Y 0l (θ) , (1.14)
where Y 0l (θ) is given by
Y 0l (θ) =
√
(2l + 1)
4pi
Pl(cos θ) . (1.15)
Chapter 1. A bottom-up approach to the Standard Electroweak Theory 5
In view of this, we introduce the following shorthand:
Al =
√
(2l + 1)
4pi
A0l . (1.16)
Using this, one may rewrite Eq. (1.14) as
eikz =
∞∑
l=0
Al(k)jl(kr)Pl(cos θ) . (1.17)
To determine Al(k), we need to use the following integral representation for the Bessel function:
jl(kr) =
1
2il
∫ +1
−1
Pl(cos θ)e
ikr cos θd(cos θ) . (1.18)
To illustrate the use of the above formula, let us multiply Eq. (1.17) by Pl′(cos θ)d(cos θ) and
integrate between −1 to +1 to obtain
∫ +1
−1
Pl′(cos θ)e
ikr cos θd(cos θ) =
2
(2l′ + 1)
∞∑
l=0
Al(k)jl(kr)δll′ ,
⇒ 2il′jl′(kr) = 2
(2l′ + 1)
Al′(k)jl′(kr) ,
⇒ Al′(k) = il′(2l′ + 1) . (1.19)
Plugging this into Eq. (1.17) we get the final expression as
eikz =
∞∑
l=0
il(2l + 1)jl(kr)Pl(cos θ) . (1.20)
In view of the asymptotic form of the Bessel function,
jl(kr)
r→∞−−−→ sin(kr −
lpi
2 )
kr
, (1.21)
we may rewrite Eq. (1.20) as
eikz
r→∞−−−→ 1
2ikr
∞∑
l=0
(2l + 1)
[
eikr − e−ikr(−1)l
]
Pl(cos θ) . (1.22)
Thus, at large distances, each ψ(0)klm and so the ‘whole’ e
ikz results from the superposition of
a converging spherical wave, e−ikr/r, and a diverging spherical wave, eikr/r, whose amplitudes
differ only by a phase. The fact that the squared amplitudes for both the incoming and outgoing
spherical waves are same, simply reflects the conservation of probability. The presence of a scat-
tering potential can only affect the amplitude of the outgoing spherical wave. Since probability
conservation demands that the magnitude of the amplitude for the diverging wave should not
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change, it can only pick up additional phases arising due to the presence of a scattering potential.
We will see the details in the following subsection.
Presence of a central potential – asymptotic modification of the radial part
The previous subsection was devoted for V (r) = 0. Presence of a central potential simply
modifies the wave function from the plane wave nature. But we know a special thing – whatever
be the form of V (r), it dies out at a finite distance and in the asymptotic limit we should get
the wave function in the form of Eq. (1.4).
In the presence of V (r) the radial part of Schrodinger equation reads:[
d2
dr2
+
2
r
d
dr
+
{
k2 − 2m
~2
V (r)− l(l + 1)
r2
}]
Rkl(r) = 0 . (1.23)
We assume that the potential is short ranged, i.e., V (r) → 0 as r → ∞. Then, at large
distances, Eq. (1.23) reduces to the free-particle equation. Therefore, the solution of Eq. (1.23)
should asymptotically approach the general solution for free particle:
Rkl(r)
r→∞−−−→ Aljl(kr) +Blηl(kr) = Cl
kr
sin(kr − lpi
2
+ δl) , (1.24)
where, the last step follows from the asymptotic forms of Bessel and Neumann functions:
jl(kr)
r→∞−−−→ sin(kr −
lpi
2 )
kr
, ηl(kr)
r→∞−−−→ −cos(kr −
lpi
2 )
kr
. (1.25)
The quantities, Cl and δl are related to Al and Bl as follows:
tan δl = −Bl
Al
, and, Cl =
√
A2l +B
2
l . (1.26)
Note that, unlike the free-particle case, here we did not demand Bl = 0. This is due to the lack
of information about the potential, we do not know the actual behavior of the wave function
near the origin. Eq. (1.24) only represents the radial wave function at large distances where the
potential is ineffective. Thus, the total wave function far away from the scatterer can be written
as
ψ(~r)r→∞ =
∞∑
l=0
Rkl(r →∞)Pl(cos θ) , (1.27)
⇒ ψ(~r)r→∞ = 1
2ikr
∞∑
l=0
Cle
−iδle−i
lpi
2
[
eikre2iδl − (−1)le−ikr
]
Pl(cos θ) . (1.28)
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Now, this equation should be equivalent to Eq. (1.4) with the expansion of eikz in terms of
partial waves given by Eq. (1.22). So, we can rewrite eqn (1.4) as
ψ(~r)r→∞ =
1
2ikr
∞∑
l=0
(2l + 1)
[
eikr − (−1)le−ikr
]
Pl(cos θ) + fk(θ)
eikr
r
. (1.29)
Comparing the co-efficients of e−ikr/r in Eqs. (1.28) and (1.29) one can easily get:
Cl = i
l(2l + 1)eiδl . (1.30)
Once the value of Cl is at hand, we can plug it into Eq. (1.28), and then proceed to compare
the co-efficients of eikr/r to obtain the expression for fk(θ). The final result is,
fk(θ) =
1
2ik
∞∑
l=0
(2l + 1)(e2iδl − 1)Pl(cos θ) . (1.31)
Since Pl(cos θ) serves as a complete set of basis vectors for any function of θ, one can expand
the scattering amplitude as follows:
fk(θ) =
1
k
∞∑
l=0
(2l + 1)fl(k)Pl(cos θ) . (1.32)
Comparing Eqs. (1.31) and (1.32) one can easily get
fl(k) =
e2iδl − 1
2i
, (1.33)
⇒ fl(k) = eiδl sin δl . (1.34)
Figure 1.2: Unitarity circle.
From Eq. (1.34) it follows that
|fl(k)| ≤ 1 for all values of l , (1.35)
or, splitting fl(k) into its real and imaginary compo-
nents, one can derive the equation of the unitarity circle
(see Figure 1.2):
[
<fl(k)
]2
+
[
=fl(k)− 1
2
]2
=
1
4
. (1.36)
Now we have learned that the expansion coefficients,
fl(k), of the quantum mechanical scattering amplitude obey the unitarity conditions of Eq.
(1.35). But, till now there is very little hint that these fl(k)-s are the same as the al-s of Eq.
(1.1). Some intuitive arguments to make the connections will be presented shortly. Before that,
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to make the discussion complete, we wish to present one important result that follows from Eq.
(1.32).
Note that, using the value of fl(k) from Eq. (1.34), one can rewrite Eq. (1.32) as
fk(θ) =
1
k
∞∑
l=0
(2l + 1)eiδl sin δlPl(cos θ) . (1.37)
We can now find the expression for the total scattering cross-section as
σ =
∫
dσ
dΩ
dΩ =
∫
|fk(θ)|2dΩ . (1.38)
Using the orthonormality of the Legendre polynomials, the final result becomes
σ =
4pi
k2
∞∑
l=0
(2l + 1) sin2 δl . (1.39)
Looking at Eqs. (1.37) and (1.39) and keeping in mind tha Pl(1) = 1 for any l, one can at once
realize that
σ =
4pi
k
={fk(θ = 0)} , (1.40)
where, ={fk(θ = 0)} is the imaginary part of the forward scattering amplitude. Eq. (1.40) is
known as the optical theorem in quantum mechanics.
1.1.3 Connection with Quantum Field Theory
We shall now give a hand waving argument on how the quantum mechanical scattering amplitude
is related to the Feynman amplitude in Quantum Field Theory (QFT). We know the expression
for differential scattering cross-section both in quantum mechanics and in QFT. This is given by
dσ
dΩ
=
1
64pi2s
|M(θ)|2︸ ︷︷ ︸
QFT
= |fk(θ)|2︸ ︷︷ ︸
QM
, (1.41)
where,M(θ) is the Feynman amplitude for the process and s = 4E2 is the CM energy squared.
From Eq. (1.41) we can make a simple-minded connection:
M(θ) = 16piEfk(θ) . (1.42)
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Now, plugging the expression of fk(θ) from Eq. (1.32) into Eq. (1.42) and approximating k ≈ E
at high energies, we may write
M(θ) = 16pi
∞∑
l=0
(2l + 1)fl(E)Pl(cos θ) . (1.43)
Thus, comparing Eqs. (1.1) and (1.43), one can see that als of Eq. (1.1) are the same as fl(k)s
of Eq. (1.32) and both of them must obey the unitarity condition of Eq. (1.35). Extraction of
each partial wave amplitude from the Feynman amplitude will now be a straightforward task:
al =
1
32pi
∫ +1
−1
M(θ)Pl(cos θ)d(cos θ) . (1.44)
1.2 Fermi Theory
The Fermi lagrangian (for the leptonic sector) is given by,
LF = −GF√
2
Jµ(lep)J
†
µ(lep) . (1.45)
We know from the experiments that only the left-handed fields take part in β-decay. So the
leptonic current should be written as
Jµ(lep) = ν¯eγ
µ(1− γ5)e . (1.46)
The coupling constant GF has mass dimension −2. To explore the consequence of this negative
mass dimension, let us consider the elastic scattering process νee→ νee. Neglecting the electron
mass, the scattering amplitude will be non-zero for the following combination of helicities:
h1 = h2 = h3 = h4 = −1
2
. (1.47)
For these combination one has,
|M(θ)|νee→νee = 4
√
2GF s . (1.48)
Thus, only the partial wave with l = 0 contributes and that is given by,
|a0|νee→νee =
1
2
√
2pi
GF s . (1.49)
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The unitarity condition (Eq. (1.2)) then sets an upper bound on the CM energy, beyond which
Fermi theory ceases to be valid. In this case the limit is,
(ECM)max =
(
2pi
√
2
GF
) 1
2
= 870 GeV . (1.50)
However, one must remember that the exact value of this cut-off is process dependent.
1.3 Intermediate Vector Bosons
We have just learned that the direct four fermion interaction causes the corresponding coupling
constant (GF ) to have negative mass dimension which causes the scattering amplitude to grow
as E2. A natural way out of this problem is to replace Eq. (1.45) with an interaction describe
by ‘exchange’ of another particle (which must be a boson) in analogy with photon in QED. This
means, instead of Eq. (1.45) we write the following interaction:1
LWint =
g
2
√
2
(
Jµ(lep)W
+
µ + J
µ†
(lep)W
−
µ
)
, (1.51)
where W±µ is a vector field corresponding to a ‘mediating’ particle (with spin-1) which is, there-
fore, usually called intermediate vector boson (IVB). The numerical factor of (2
√
2)−1 in front
is purely conventional. One must remember that W± must be massive so that it can describe a
short range force and we should write the propagator as:
Dµν(q) =
−gµν + qµqν
M2W
q2 −M2W
. (1.52)
The model of weak interactions defined by the Lagrangian of Eq. (1.51) must respect an experi-
mentally established fact that the effective Fermi-type theory provides very good description of
a considerable part of physical reality in the low energy region. Comparing low energy muon
decay (µ− → e−νµν¯e) amplitude for these two theories, we obtain,
GF√
2
=
g2
8M2W
. (1.53)
Note that, in the derivation of Eq. (1.53), the negative sign in the Fermi Lagrangian plays an
important role. It is just this convention which guarantees that GF > 0, if the Fermi theory
1At this point, one might wonder why we are starting with the possibility of a charged vector current. We
should begin with charged scalar current which would be a more minimalistic choice. Admittedly, we are implic-
itly using some experimental inputs – measurement of Michel Parameters [6] in polarized muon decay. These
measurements confirm that the charged current processes are governed by V −A type interactions and therefore,
the possibility of a charged scalar as an intermediate boson is ruled out.
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is viewed as an effective low-energy approximation of the theory with IVB. Remember, as a
consequence of IVB, there will be no energy growths in νee → νee and ν¯ee → ν¯ee scattering
amplitudes. We should now investigate whetherW± are sufficient for energy growth cancellation
for all other possible processes.
1.3.1 Electrodynamics of the W -bosons
Since W -bosons carry electric charge, they must interact with the photon. The question is, how
should we write the coupling. Let us motivate it in the following way:
The wave equation for a free particle with spin-1 and a non-zero mass,
∂µB
µν +m2Bν = 0 , (1.54)
can be obtained from the Proca Lagrangian,
L = −1
4
BµνBµν +
1
2
m2BµBµ
= −1
4
(∂µBν − ∂νBµ)(∂µBν − ∂νBµ) + 1
2
m2BµBµ . (1.55)
For a complex (charged) spin-1 field, the generalization would be straightforward:
L = −1
2
Wµν(Wµν)
† +M2WW
µ+W−µ
= −1
2
(∂µW
−
ν − ∂νW−µ )(∂µW ν+ − ∂νWµ+) +M2WWµ+W−µ . (1.56)
We want the above Lagrangian to be invariant under the following U(1) transformation:
W−µ (x)→W−′µ (x) = e−iω(x)W−µ (x) , (1.57a)
W+µ (x)→W+′µ (x) = e+iω(x)W+µ (x) . (1.57b)
It would be accomplished if we replace the ordinary derivatives with the covariant derivatives:
Dµ = ∂µ + ieAµ , (1.58)
with the U(1) (electromagnetic) gauge field, Aµ(x), transforming as:
A′µ(x) = Aµ(x) +
1
e
∂µω(x) . (1.59)
So our ‘minimal’ Lagrangian will be
Lmin = −1
2
(DµW
−
ν −DνW−µ )(D∗µW ν+ −D∗νWµ+) +M2WWµ+W−µ . (1.60)
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Figure 1.3: Feynman diagrams for the process W−(p1) +W+(p2)→ γ(k1) + γ(k2).
But there is more. One may add to the minimal Lagrangian of Eq. (1.60) another gauge invariant
term:
L ′ = −iκeW−µ W+ν Fµν , (1.61)
where, Fµν = ∂µAν − ∂νAµ . (1.62)
So we write the total electromagnetic interaction as:
L e.m.W = L
min +L ′ (1.63)
Till now there is no good reason why we should keep L ′. The condition κ = 0 will correspond
to the minimal case. But let us keep our minds open and see, using unitarity arguments, what
value of κ should be chosen by nature. Assuming Eq. (1.63) to be our guiding Lagrangian, we
may write the cubic and quartic couplings as:
LWWγ = −ie
[
Aµ
{
W ν−(∂µW+ν )− (∂µW+ν )W ν+
}
+Wµ−
{
κW ν+(∂µAν)
−(∂µW+ν )Aν
}
+Wµ+
{
Aν(∂µW
−
ν )− κ(∂µAν)W ν−
}]
(1.64)
LWWγγ = −e2(AµAµW−ν W ν+ −AµAνW−µ W−ν ) (1.65)
Determination of κ: Let us consider the following process:
W−(p1) +W+(p2)→ γ(k1) + γ(k2)
The Feynman diagrams for this process are shown in Figure 1.3. For diagrams (a) and (b)
there will be a W propagator which contains a gµν term and a qµqν term. From dimensional
arguments one can understand that the leading order divergence comes from the qµqν term. In
view of this, we write the amplitude for diagram (a) as:
Ma =M(1)a +M(2)a . (1.66)
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M(1)a contains the contribution from the gµν term andM(2)a contains that from the qµqν term.
Calculating explicitly we have, at the leading order,
M(1)a = −
e2
M2W
1
t−M2W
[
(1− κ)2{(p1.k1)(1.′1)− (p1.′1)(k1.1)}
×{(p2.k2)(2.′2)− (p2.′2)(k2.2)}+ . . . ] (1.67)
Diagram (b) will also have an analogous term, M(2)b , with t ↔ u, k1 ↔ k2, ′1 ↔ ′2 . Since
M(2)b has 1u−M2W as the prefactor, M
(2)
a and M(2)b will not cancel each other for any arbitrary
set {p1, p2, k1, k2} satisfying four-momentum conservation. So, M(2)a and M(2)b must vanish
independently.
Observation: First of all, it should be noted that if at least one of the W bosons has longitu-
dinal polarization, the leading growth of Eq. (1.67) (quartic or cubic) vanishes for any arbitrary
value of κ. This statement can immediately be verified if we replace, in such a case, the polar-
ization vector 1 ≡ L(p1) or 2 ≡ L(p2) in Eq. (1.67) by the corresponding leading term p1MW
or, p2MW according to the formula:
µL(p) =
pµ
MW
+O
(
MW
p0
)
. (1.68)
The corresponding expression within the curly brackets will be zero causing the leading energy
growth in Eq. (1.67) to vanish. But, if both the W bosons have transverse polarizations, then
the leading term in Eq. (1.67) will, in general, grow quadratically unless κ = 1.
Using this value of κ, Eq. (1.64) can be rewritten as:
LWWγ = −ie
[
Aµ(W ν−
←→
∂ µW
+
ν ) +W
µ−(W ν+
←→
∂ µAν) +W
µ+(Aν
←→
∂ µW
−
ν )
]
. (1.69)
The symbol
←→
∂ in Eq. (1.69) is defined in the usual way as,
f
←→
∂ µg = f(∂µg)− (∂µf)g . (1.70)
Therefore, we have arrived at the following important conclusion [3]:
Leading power growth arising in the high energy limit in tree level diagrams in-
volving both external and internal lines of vector bosons, W±, are eliminated for
an arbitrary combination of the W± polarizations if and only if the corresponding
electromagnetic interaction is of the Yang-Mills type.
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Figure 1.4: Feynman diagrams for the process e−(p1) + e+(p2)→W−L (k1) +W+L (k2).
1.3.2 Introducing the Z boson
Now consider the process [7]
e−(p1) + e+(p2)→W−L (k1) +W+L (k2)
From what we have learned till now, there will be two possible diagrams for this process as
shown in Figure 1.4. The corresponding amplitudes are written below (see Appendix B):
Mνa = −
g2
4M2W
v¯(p2)/k1(1− γ5)u(p1)︸ ︷︷ ︸
O(E2)
+O (E) , (1.71)
Mγb =
e2
M2W
v¯(p2)/k1u(p1)︸ ︷︷ ︸
O(E2)
+O (1) . (1.72)
Remember that the u and v spinors contain a factor of
√
E in their normalization. So the leading
terms grow as E2. Let us collect the quadratic growths in a single equation
Mquadratic = − g
2
4M2W
v¯(p2) /k1(1− γ5)u(p1) + e
2
M2W
v¯(p2)/k1u(p1) . (1.73)
It is clear that one cannot arrange a mutual cancellation of quadratic energy growths between
Mνa and Mγb by tuning the relative magnitudes of the coupling constants e and g. This is
because the corresponding growth in Eq. (1.71) contains a factor of (1 − γ5) but in Eq. (1.72)
it does not. It is the consequence of the fact that the charged current interactions involve only
the left handed (LH) fermions.
Thus we have no other choices than to introduce new particles which can compensate the residual
growth of Eq. (1.73). We shall restrict ourselves to particles with lowest possible spin (i.e. 0,
1
2 , 1) and allow only those interaction terms which satisfy the condition [Lint] ≤ 4, so that
renormalizability of the theory is not compromised.
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Choice 1 (Spin 0)
Let us postulate the existence of spin 0 scalar (h) whose coupling with the fermions and W
bosons can be written as:
LWWh = gWWh W
−
µ W
µ+h (1.74)
Lffh = gffh f¯Γfh . (1.75)
Where Γ is, in general, a combination of the unit matrix and γ5 and gWWh, gffh are correspond-
ing coupling strengths. Note that gffh is dimensionless but gWWh is not. In fact, without any
loss of generality, we may express gWWh as
gWWh = αMW , (1.76)
where α is a dimensionless constant. As a result of these new couplings there will be a h-
mediated s-channel diagram similar to Figure 1.4b. By simple dimension counting one can
verify that this diagram can at best grow as O (E) for large CM energies when the external W
bosons are longitudinally polarized. An exchange of a spin 0 particle is therefore not suitable for
the desirable cancellation of the quadratic growths in Eq. (1.73). However, it is worth noting at
this point that such a spin 0 particle can play a crucial role in suppressing linear energy growths
in the e−e+ →WW amplitude. This will be used later in this chapter.
Choice 2 (Spin 12)
In this case we shall assume the existence of a heavy neutrino-like fermion (E0) which couples
with the electron in the following way [8]:
L
(E0)
int =
(
bLE¯
0
Lγ
µeL + bRE¯
0
Rγ
µeR
)
+ h.c. . (1.77)
We shall assume bL and bR to be real to respect CP invariance. This new interaction will lead to
a new t-channel diagram similar to Figure 1.4a mediated by E0. Unlike the previous choice, the
amplitude corresponding to this new diagram does contain terms which grow quadratically in
the high-energy limit when the externalW bosons are longitudinally polarized. The requirement
of a cancellation of quadratic growths in Eq. (1.73) then yields the following conditions for the
coupling constants bL, bR:
b2L = e
2 − g
2
2
, (1.78)
b2R = e
2 . (1.79)
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Since bL is real, the first relation leads to a constraint for relative strengths of weak and electro-
magnetic interactions, namely
g ≤
√
2e . (1.80)
An interesting consequence of the above inequality and the general relation of Eq. (1.53) is an
upper bound for the W± mass:
MW ≤
(√
2piα
GF
) 1
2
= 53 GeV . (1.81)
We now know that this is against the experimental facts. Therefore we shall not consider this
scheme any further.
Choice 3 (Spin 1)
Now we shall consider the next alternative, i.e., the case where the “compensation” diagram
for e−e+ → W−W+ corresponds to a s-channel exchange of a neutral spin 1 particle (Z) with
non-zero mass. Note that a new massless neutral boson will imply the existence of a new kind
of long range force (like electromagnetism) which is not observed in nature. But to calculate the
amplitude we need to have some idea about the WWZ coupling. Here also we will concentrate
on interactions which satisfy [LWWZ ] ≤ 4. We proceed as follows [9]:
It is obvious that a Lorentz invariant interaction involv-
ing three vector bosons and satisfying the above con-
dition, must involve just one derivative of a vector bo-
son field (the corresponding coupling constant is then of
course dimensionless). In momentum space, this means
that the interaction vertex shown in the adjacent pic-
ture can be represented by a linear polynomial in terms
of the four momenta k, p and q. Among these only two
are independent because of the four momentum conser-
vation k + p + q = 0. Choosing k and p to be independent variables, the most general linear
polynomial representing the W−W+Z interaction vertex may be written as
Vλµν(k, p, q) = (Akλ +Bpλ)gµν + (Ckµ +Dpµ)gλν + (Ekν + Fpν)gλµ
+Gλµνρk
ρ +Hλµνρp
ρ . (1.82)
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Figure 1.5: Some 2→ 2 scatterings to determine the WWZ vertex.
For comparison, let us write the Yang-Mills structure below
V
(YM)
λµν (k, p, q) = (k + 2p)λgµν + (−2k − p)µgλν + (k − p)νgλµ (1.83)
The leading growth in the three processes shown in Figure 1.5 will come from the q
µqν
M2W,Z
term
in the intermediate vector boson propagator. If we demand the vanishing of this leading growth
then we get the following relations involving A, B, . . . , G [3]:
B + C = 0 , (1.84a)
E + F = 0 , (1.84b)
B − E + F = 0 , (1.84c)
−C + 2D = 0 , (1.84d)
C + E − F = 0 , (1.84e)
2A−B = 0 , (1.84f)
G = H = 0 . (1.84g)
Solving the above set of equations we may rewrite Eq. (1.82) as
Vλµν(k, p, q) = gWWZ [(k + 2p)λgµν + (−2k − p)µgλν + (k − p)νgλµ] , (1.85)
where, we have relabeled A as gWWZ . Therefore, Vλµν has the exact Yang-Mills structure upto an
overall multiplicative factor which, we hope, will be determined by the requirement of unitarity.
Now, as a consequence of this new particle, the process e−e+ → W−W+ will have an extra s-
channel diagram similar to Figure 1.4b mediated by the Z boson. If we express the eeZ coupling
as
LeeZ = (gLe¯Lγ
µeL + gRe¯Rγ
µeR)Zµ , (1.86)
Then the amplitude for the new diagram is found to be
MZb = −
1
2M2W
gWWZ gLv¯(p2) /k1(1− γ5)u(p1)
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Figure 1.6: Feynman diagrams for the process ν(p1) + ν¯(p2)→W+L (k1) +W−L (k2).
− 1
2M2W
gWWZ gRv¯(p2) /k1(1 + γ5)u(p1) +O (E) (1.87)
Adding this with Eq. (1.73) we immediately get the conditions for cancellation of leading energy
growths in e−e+ →WW at large values of CM energies:
− g
2
2
+ e2 − gLgWWZ = 0 , (1.88)
e2 − gRgWWZ = 0 . (1.89)
1.4 Retrieving vector and axial-vector couplings
For this purpose we need to consider a few more processes. The first of these will be
ν(p1) + ν¯(p2)→W+L (k1) +W−L (k2) .
Taking into account the experimental fact that only left-handed neutrinos are observed in nature,
we can express the ννZ coupling as follows:
LννZ = gννZ ν¯γ
µPLνZµ . (1.90)
There are two possible Feynman diagrams as shown in Figure 1.6. The corresponding amplitudes
are found to be
Mea = −
g2
4M2W
v¯(p2) /k1(1− γ5)u(p1)︸ ︷︷ ︸
O(E2)
+O (1) , (1.91)
MZb =
gννZgWWZ
2M2W
v¯(p2) /k1(1− γ5)u(p1)︸ ︷︷ ︸
O(E2)
+O (1) . (1.92)
Note that the absence of O (E) terms in the above amplitudes is a manifest of the assumption
that neutrinos are massless. As we will see later, this absence of linear growth will lead us to
conclude that neutrinos do not need to couple with the Higgs scalar. But one can see that there
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Figure 1.7: Feynman diagrams for e−(p1) + ν¯(p2)→ ZL(k1) +W−L (k2) .
are quadratic growths present in the amplitude, cancellation of which would require
− g
2
2
+ gννZgWWZ = 0 . (1.93)
The next process we consider is
e−(p1) + ν¯(p2)→ ZL(k1) +W−L (k2)
The amplitudes corresponding to the diagrams shown in Figure 1.7 are given below:
Ma = − ggL
2
√
2MWMZ
v¯(p2) /k1(1− γ5)u(p1)︸ ︷︷ ︸
O(E2)
+O (E) , (1.94)
Mb = − ggννZ
2
√
2MWMZ
v¯(p2) /k1(1− γ5)u(p1)︸ ︷︷ ︸
O(E2)
+O (E) , (1.95)
Mc = − ggWWZ
2
√
2MWMZ
v¯(p2) /k1(1− γ5)u(p1)︸ ︷︷ ︸
O(E2)
+O (E) . (1.96)
Clearly, the condition for cancellation of the quadratic growths reads:
− gL + gννZ − gWWZ = 0 . (1.97)
Till now we have obtained four equations (Eqs. (1.88), (1.89), (1.93) and (1.97)) involving four
unknowns gL, gR, gννZ , and gWWZ . Let us rewrite them below:
− g
2
2
+ e2 − gLgWWZ = 0 , (1.98a)
e2 − gRgWWZ = 0 , (1.98b)
−g
2
2
+ gννZgWWZ = 0 , (1.98c)
−gL + gννZ − gWWZ = 0 . (1.98d)
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The solution of the above set of equations is unique up to an overall sign. Choosing gWWZ =√
g2 − e2 we have
gWWZ =
√
g2 − e2 , (1.99a)
gννZ =
g2
2
√
g2 − e2 , (1.99b)
gL =
−g22 + e2√
g2 − e2 , (1.99c)
gR =
e2√
g2 − e2 . (1.99d)
The above solutions clearly demands e < g. Therefore we can use the parametrization,
sin θw =
e
g
(1.100)
to cast the solutions in their familiar form,
gWWZ = g cos θw , (1.101a)
gννZ =
g
2 cos θw
, (1.101b)
gL =
g
2 cos θw
(−1 + 2 sin2 θw) , (1.101c)
gR =
g
cos θw
sin2 θw . (1.101d)
There is more! One should remember that a residual linear growth (not shown in Eq. (1.94))
is still present in the amplitude of the process ν¯e− → W−L ZL. It can be easily shown that a
cancellation of this growth can be arranged if we impose the following relation:
gR − gννZ + gWWZ
(
1− M
2
Z
2M2W
)
= 0 . (1.102)
Using the solutions of Eq. (1.101) we can translate this into the following relation between the
masses of the vector bosons:
MW = MZ cos θw . (1.103)
Using Eq. (1.53) together with this, we obtain the standard formulae for W and Z masses:
MW =
(
piα
GF
√
2
) 1
2 1
sin θw
, (1.104a)
MZ =
(
piα
GF
√
2
) 1
2 1
sin θw cos θw
. (1.104b)
Now comes the experiment. If this theoretical model is true then the scattering νµe− → νµe−
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Figure 1.8: Gauge diagrams for W−LW
−
L →W−LW−L .
can only proceed via Z exchange. From these types of neutrino-fermion scatterings a preliminary
value of sin2 θw (≈ 0.22) was obtained [10] and it was used in Eq. (1.104) to predict W and Z
boson masses as
MW ≈ 79 GeV , MZ ≈ 90 GeV . (1.105)
Note that this is a robust prediction of the theory dictating not only what to look for but also
where to look for! We now know that the experimental values are very close to these predictions
vindicating the theory.
1.5 Vector boson quartic self couplings
Let us first investigate the process
W−L (p1) +W
−
L (p2)→W−L (k − 1) +W−L (k2) .
From what we have gathered till now, only (a) and (b) of Figure 1.8 exist. We can calculate
their total amplitude as
Mγ+Za+b =
g2
4M4W
(t2 + u2 − 2s2) +O (E2)+O (1) (1.106)
Clearly, the quartic growth cannot be canceled by a scalar (spin 0) mediated diagram as it can
give O (E2) growth at best. The next possible choice would be to introduce another neutral
vector boson (Z ′ say). But that will add same kind of quartic growth as already present in Eq.
(1.106). So these will not help.
It appears that the simplest possibility is to introduce a direct self interaction between the W
bosons. Since [Lint] ≤ 4, it is clear that terms involving derivative of vector fields are not
allowed. The most general interaction of this type can be written as
LWWWW = a(W
− ·W+)(W− ·W+) + b(W− ·W−)(W+ ·W+) . (1.107)
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Figure 1.9: Gauge diagrams for W−LW
+
L → ZLZL.
This new interaction will add one more diagram shown in Figure 1.8c. The amplitude for this
diagram can be found to be
Mc = a 1
2M4W
(t2 + u2) + b
1
M4W
s2 +O (E2) . (1.108)
It is obvious that the leading growths of Eqs. (1.106) and (1.108) will cancel each other if
a = −b = −g
2
2
, (1.109)
⇒ LWWWW = g
2
2
[
(W− ·W−)(W+ ·W+)− (W− ·W+)(W− ·W+)] . (1.110)
The quadratic residual growth for WW scattering is given by:
Mgauge = − g
2
4M2W
s+O (1) . (1.111)
Similarly, for the process
W−L (p1) +W
+
L (p2)→ ZL(k1) + ZL(k2) ,
we have (see Figure 1.9),
Ma+b = − g
2
WWZ
4M2WM
2
Z
(t2 + u2 − 2s2) +O (E2)+O (1) , (1.112)
which will invite us to introduce the following quartic interaction:
LWWZZ = c(W
− · Z)(W+ · Z) + d(W− ·W+)(Z · Z) . (1.113)
The amplitude of the corresponding diagram is found to be
Mc = 1
4M2WM
2
Z
[
c(t2 + u2) + 2ds2
]
+O (E2)+O (1) . (1.114)
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Cancellation of the O (E4) growth would require
c = g2WWZ ; d = −g2WWZ , (1.115)
which means
LWWZZ = g
2
WWZ
[
(W− · Z)(W+ · Z)− (W− ·W+)(Z · Z)] . (1.116)
Similar considerations for W−LW
+
L → ZLγ leads to
LWWZγ = gWWZgWWγ
[
(W− · Z)(W+ ·A) + (W− ·A)(W+ · Z)
−2(W− ·W+)(Z ·A)
]
. (1.117)
Thus collecting Eqs. (1.65), (1.110), (1.116) and (1.117) and defining
W 3µ = cos θwZµ + sin θwAµ , (1.118)
we can write the quartic vector boson self couplings in the following compact form:
LV V V V = LWWWW +LWWγγ +LWWZZ +LWWZγ
= −g2
{1
2
(W− ·W+)2 − 1
2
(W−)2(W+)2
+ (W 3)2(W− ·W+)− (W− ·W 3)(W+ ·W 3)
}
, (1.119)
where, we have used the solution of Eq. (1.101). The same thing can be done with the cubic self
couplings of Eqs. (1.69) and (1.85)
LV V V = LWWγ +LWWZ
= −ig
[
W 3µ(W ν−
←→
∂ µW
+
ν ) +W
µ−(W ν+
←→
∂ µW
3
ν )
+Wµ+(W 3ν
←→
∂ µW
−
ν )
]
. (1.120)
1.6 Need for a neutral scalar
As already mentioned in the preceding sections, some processes do contain some remnant energy
growths even after the introduction of the quartic gauge self couplings. With no other couplings
to tune freely, we must now extend the particle content of the theory to eliminate those residual
energy growths. In doing this, we shall stick to the minimal choice, i.e., we shall start from
spin 0 particles and we shall not include any interaction with [L ]int > 4 for they will come with
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Figure 1.10: Higgs diagrams for W−LW
−
L →W−LW−L .
coupling constants having negative mass dimensions which is bad for the high energy behavior
of the theory.
1.6.1 Trilinear couplings with vector bosons and fermions
• Let us now go back to W−LW−L → W−LW−L scattering again. For this process, there is a
remaining quadratic growth even after the introduction of the quartic self couplings (see
Eq. (1.111)). We shall now try to eliminate this growth by introducing a new interaction
of the W ’s with a neutral scalar field which will be denoted by h. It is not difficult to
realize that the only possible choice satisfying [Lint] ≤ 4 is represented by the interaction
Lagrangian
LWWh = gWWhW
−
µ W
µ+h (1.121)
Tree diagrams for the process W−W− →W−W− corresponding to the interaction of Eq.
(1.121), have been shown in Figure 1.10. One can calculate:
M(h) =M(h)a +M(h)a = g2WWh
s
M4W
+O (1) . (1.122)
So, the desired cancellation would require:
gWWh = gMW . (1.123)
• To have an idea of the coupling of this new scalar with massive fermions, let us consider
the process
e−(p1) + e+(p2)→W−L (k1) +W+L (k2) .
Without this new scalar, there will be three Feynman diagrams as shown in Figure 1.4
(don’t forget to include the Z mediated s-channel diagram similar to Figure 1.4b). The
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Figure 1.11: Feynman diagrams for e−e+ → ZLZL.
total amplitude can be calculated as:
Mwithout scalar =Mνa +Mγ,Zb = −
g2
4M2W
me v¯(p2)u(p1)︸ ︷︷ ︸
O(E)
+O (1) . (1.124)
To eliminate this linear energy growth, we introduce the following interaction:
Leeh = geehe¯eh . (1.125)
Note that as there is no γ5 in the residual growth of Eq. (1.124), we do not introduce any
pseudoscalar interaction with h. This new interaction will lead to a h mediated s-channel
diagram whose amplitude is found to be:
Mh = −geehgWWh
2M2W
v¯(p2)u(p1) +O (1) , (1.126)
where, gWWh is given by Eq. (1.123). So the linear growth can be canceled by tuning geeh
as:
geeh = − gme
2MW
. (1.127)
• To get an idea of ZZh coupling, we consider the process
e−(p1) + e+(p2)→ ZL(k1) + ZL(k2) .
The Feynman diagrams for this process have been displayed in Figure 1.11. Without
the scalar mediated s-channel diagram, the total amplitude linearly grows with energy as
follows:
Mwithout scalar =Ma +Mb = − g
2me
4M2Z cos
2 θw
v¯(p2)u(p1)︸ ︷︷ ︸
O(E)
+O (1) . (1.128)
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Figure 1.12: Feynman diagrams for W−LW
+
L → hh.
To eliminate this growth we introduce the ZZh interaction
LZZh = gZZhZµZ
µh (1.129)
which brings in Diagram 1.11c with the following amplitude:
Mc = −geehgZZh
M2Z
v¯(p2)u(p1) . (1.130)
Using the value of geeh from Eq. (1.127), one can find the condition for the cancellation of
the O (E) growth in Eq. (1.128) to be
gZZh =
gMZ
2 cos θw
. (1.131)
From Eqs. (1.124) and (1.128) it is interesting to note that the amplitudes for the processes
`+`− → VLVL (` stands for leptons and V = W,Z) without the scalar contain energy growths
which are proportional to the mass (m`) of the lepton involved. Clearly, there will be no such
energy growths even without this new scalar for ν`ν¯` → V V as long as neutrinos are considered
to be massless. Therefore, this new scalar need not couple to a pair of neutrinos. Thus, we
have learned one remarkable feature of the trilinear interactions of this new scalar field, h, that
a corresponding coupling constant is always proportional to the mass of the particle interacting
with h.
1.6.2 Quartic couplings with the vector bosons
Since we already have concluded the existence of WWh interaction the process W−LW
+
L → hh is
possible. From what we have gathered till now, only diagrams 1.12a and 1.12b exist. Quadratic
energy growths will appear from the kµkν term in the intermediate W propagator as follows:
Ma +Mb = − g
2s
4M2W
+O (1) . (1.132)
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Figure 1.13: Feynman diagrams for ZLZL → ZLZLh.
To remove this growth we propose the existence of a quartic interaction of the form
LWWhh = gWWhhW
−
µ W
+µhh (1.133)
which will introduce diagram 1.12c with the following amplitude
Mc = gWWhh s
M2W
+O (1) . (1.134)
Clearly, the cancellation of the quadratic growth requires
gWWhh =
g2
4
. (1.135)
Similar consideration of ZLZL → hh scattering will lead to the existence of a ZZhh quartic
interaction of the form
LZZhh =
g2
8 cos2 θw
ZµZ
µhh . (1.136)
1.6.3 Scalar self couplings
Scalar self couplings do not follow from the requirement of tree unitarity alone. For this, we need
a stronger condition of renormalizability. For a renormalizable theory, it has been shown [11]
that the k-th loop amplitude of a scattering involving n particles (1 + 2 → 3 + 4 + · · · + n)
behaves at very high energies as follows:
M(n)|E→∞ = O
(
E4−n lnk E
)
. (1.137)
Clearly, the tree level amplitude (k = 0) of a process 1 + 2 → 3 + 4 + 5 should go as O (1/E).
As an example, consider the process ZLZL → ZLZLh which can proceed at the tree level due
to the existence of interactions in the form of Eqs. (1.131) and (1.136). The Feynman diagrams
stemming from these interactions have been displayed in Figures 1.13a and 1.13b. But the total
amplitude from these two types of diagrams behaves at E → ∞ as a constant independent of
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Figure 1.14: Feynman diagrams for ZLZL → hhh.
the CM energy. An explicit calculation leads to the conclusion that the desired cancellation of
the unwanted constant term occurs if we put in a self coupling of the form
Lhhh = − gm
2
h
4MW
h3 (1.138)
leading to the diagram 1.13c. In this connection it is interesting to note that it is the first time
when a non-zero mass (mh) of the scalar h became explicitly necessary.
Now let us turn our attention to another five particle scattering, ZLZL → hhh. Tree level
Feynman graphs have been shown in Figure 1.14. Note that, without diagram 1.14f the total
amplitude would go as O (1) instead of O (1/E) at high energies. The requirement of cancel-
lation of this constant term fixes the quartic coupling involved in diagram 1.14f. The resulting
interaction Lagrangian is
Lhhhh = − g
2m2h
32M2W
h4 . (1.139)
This was the final piece. We now have the complete but minimal theory that is needed to describe
all the electroweak phenomena involving electrons. We have obtained this by a systematic
cancellation of energy growths appearing in different scattering amplitude and therefore this
theory is “ultraviolet safe”, i.e., valid upto arbitrarily high energies. The different pieces of
interactions now can be collected into a master Lagrangian,
Lint = Leeγ +L
W
int +LeeZ +LννZ +LV V V +LV V V V +LWWh
+LZZh +Leeh +LWWhh +LZZhh +Lhhh +Lhhhh . (1.140)
Amazingly, Eq. (1.140) is what we get from the well known SU(2) × U(1) gauge theoretic
construction of the Standard Model (SM) which has been tested experimentally with fantastic
accuracy. Thus, the principle of tree unitarity which started off as an ‘educated guess’ is now
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Figure 1.15: One-loop diagrams for the process e−(p1) + e+(p2)→ γ(k1) + γ(k2).
qualified enough to be declared as a rule which must be obeyed by all the future theories that
promise to address the questions left unanswered by the SM. In the upcoming chapters, we
will show how several new physics models can be constrained theoretically by employing the
prescription of tree unitarity. In passing, we should keep in mind that as in the case of the
SM, consideration of tree unitarity does not predict the number of lepton generations. But,
given the number of lepton generations, one can show that the number of quark generations
cannot be arbitrary. Historically it happened in the reverse order: from the observation of CP
violation in kaon decay it was inferred that there must be at least three generations of quarks
and three generations of quarks will require three generation of leptons. How this can be done
using unitarity is the subject matter of the next section.
1.7 ABJ anomaly and quarks
Some processes are completely innocuous at the tree level but contain bad energy growths at
the loop level. For example, consider the process
e−(p1) + e+(p2)→ γ(k1) + γ(k2) .
Figure 1.15 shows the one-loop diagrams in which an effect of the Adler-Bell-Jackiw (ABJ) axial
anomaly is manifested. Denoting p1 + p2 by p, the total amplitude of these triangle graphs can
be written as
M∆ =Ma +Mb = ig
2aeQ
2
ee
2
cos2 θw
v¯(p2)γλ(ve − aeγ5)u(p1)
×
−gλα + pλpα
M2Z
p2 −M2Z
Tαµν(k1, k2)
ν(k1)
µ(k2) , (1.141)
where,
ve = −1
4
+ sin2 θw , (1.142)
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ae = −1
4
, (1.143)
Tαµν(k1, k2) =
∫
d4k
(2pi)4
Tr
(
1
/k − /k2 −meγµ
1
/k −meγν
1
/k + /k1 −meγαγ5
)
+ (k1, ν)↔ (k2, µ) . (1.144)
A simple power counting reveals that Tαµν(k1, k2) ∼ O (E) as E → ∞. Consequently M∆
should go as O (E2) due to the presence of the pλpα term in the Z propagator. But multiplying
pλ with γλ in the first neutral current vertex and using Dirac equation the electron mass (me)
can be factored out. This compensates one factor of energy growth i.e.,M∆ now grows linearly
with energy.
Let us now investigate whether another factor of electron mass can be factorized or not. Rigorous
calculation shows
pαTαµν(k1, k2) = 2meTµν(k1, k2) +
1
2pi2
µνρσk
ρ
2k
σ
1 , (1.145)
where Tµν is given by Eq. (1.144) with γαγ5 replaced by γ5. The second term in Eq. (1.145) is
just the celebrated ABJ axial anomaly. Since the fermion mass does not get factored out in this
anomalous term, there remains an uncompensated factor of energy growth and therefore M∆
continues to grow as O (E). It should be noted that the coefficient of the linearly growing term
depends solely on the properties of the fermion which occurs in the loop. For a general fermion
this coefficient can be calculated to be
C
(f)
anomaly = afQ
2
f , (1.146)
where af is the axial vector coupling and Qf is the electric charge of the fermion in units of the
electronic charge. It is clear that adding more and more electron-like fermions will only worsen
things because they will go on adding to the coefficient. A neutrino loop, of course, does not
contribute. Therefore, we need some other kinds of fermions to cancel this. But first we note
that the contribution to Canomaly due to a single lepton generation is
C
(`)
anomaly = −
1
4
. (1.147)
Now, if we assume that the quarks, with similar axial vector couplings as the leptons, are the
possible candidates to cancel the anomaly then we can determine the number of colors of the
quarks. Suppose, a single generation of quarks contains an up-type and a down-type quark with
Qu = +2/3, au = 1/4 and Qd = −1/3, ad = −1/4 respectively. If this generation has Nc
replicas, then
C
(q)
anomaly =
Nc
4
(
Q2u −Q2d
)
. (1.148)
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The condition for the anomaly cancellation then requires Nc = 3, i.e., each quark generation
should come with three varieties which, with hindsight, we can connect with the color quantum
number. Using similar unitarity arguments in association with simple phenomenology, it is also
possible to obtain the couplings and spectrum for the quarks [3].
It is a capital mistake to theorize before one has data. Insensibly one
begins to twist facts to suit theories, instead of theories to suit facts.
Sherlock Holmes in “A Scandal In Bohemia"
2
Modified Higgs couplings and unitarity violation
One of the crucial arguments for the existence of the Higgs boson in the Standard Model (SM)
is that, without it, the longitudinal vector boson (VL, where V = W,Z) scattering amplitudes at
the tree level would uncontrollably grow with the center of mass energy (E). This will result in
the violation of ‘unitarity’, thus implying breakdown of quantum mechanical sense of probability
conservation in scattering amplitudes. In the SM, the Higgs boson possesses appropriate gauge
couplings to ensure exact cancellation of the residual E2 growth in the VLVL → VLVL scattering
amplitude that survives after adding the gauge boson contributions. It has been explicitly shown
in [12] how, for E MV , the E2 dependence is traded in favor of the unknown m2h, where mh is
the Higgs boson mass. From this it was concluded that mh should be less than about a TeV for
unitarity not to be violated. An intimate relationship between unitarity and renormalizability
adds a special relevance to this issue. For a renormalizable theory the tree level amplitude for
2 → 2 scattering should not contain any term which grows with energy [11]. In perturbative
expansion of scattering amplitudes these energy growths must be canceled order by order [5]. It
has been shown that the energy dependent terms in tree level amplitudes get exactly canceled if
the couplings satisfy certain sets of ‘unitarity sum rules’ [13]. It has also been realized that the
presence of the Higgs boson is not the only option to satisfy these sum rules [14,15].
Meanwhile, a Higgs-like particle has been observed with a mass of around 125 GeV by the
ATLAS and CMS collaborations of the LHC [16,17]. This is much below the upper limit coming
from unitarity violation mentioned above. If this particle indeed turns out to be the SM Higgs,
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then the scattering amplitudes involving not only the longitudinal vector bosons but any other
SM particles as external states would be well behaved for arbitrarily high energies. However,
the recent observation of some excess events in the h → γγ channel1, as well as large errors
associated with other decay channels, has fuelled speculation that Higgs couplings to fermions
and/or gauge bosons might not be exactly as predicted by the SM [19]. There are more than
one ways to modify the Higgs couplings. One way is to hypothesize that the WWh and the
ZZh couplings are modified; more specifically, enhanced with respect to their SM values. This
would result not only in an increase in the Higgs production cross section via vector boson
fusion and associated production, but also in an enhancement of the W -loop contribution to
h → γγ decay. But this would at the same time lead to excess events in the h → WW ∗ and
h → ZZ∗ channels, something which is not obvious from data. It would also result in the
violation of unitarity in longitudinal gauge boson scattering channels. This was indeed explored
long back [20], however, in the absence of the LHC data there was no motivation to study the
correlation between unitarity violation and the Higgs decay branching ratios at that time. If
we refrain from adding any extra particle to the SM and yet attempt to account for the excess
in the diphoton channel, the next natural choice would be to modify the Yukawa coupling of
the top quark. As is already known, if we put the sign of the top Yukawa coupling opposite to
what it is in the SM, the h→ γγ rate gets enhanced due to a constructive interference between
the W -loop diagram and the top-loop diagram [19]. One of the fall-outs of this sign flip is
that tt¯→ VLVL scattering no longer remains unitary. In fact, as we shall show, any non-trivial
admixture of CP-even and CP-odd states in the composition of the scalar particle jeopardizes
the good high energy behavior of the tt¯ → VLVL amplitude even if we keep the moduli of the
top Yukawa coupling and the Higgs gauge coupling to their SM values. The purpose of this
chapter is to explicitly demonstrate how the scales of unitarity violation in WLWL → WLWL
and tt¯ → WLWL scattering processes depend on the modification parameters of the gauge and
the top Yukawa couplings of the Higgs. We demonstrate what an enhanced diphoton rate may
imply in this context.
2.1 Modification of the Higgs couplings
In our analysis, we modify only the top Yukawa coupling, since the other Yukawa couplings are
numerically much less relevant. We take
gtth = (1− f)(cos δ − i sin δγ5) gSMtth = (1− f)e−iδγ5gSMtth . (2.1a)
1This chapter is based on our paper [18] which was written in view of the excess events observed at that time
in the h→ γγ channel. Now, after an upgraded analysis of the data both by CMS and ATLAS, the excess seems
to have gone away.
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The parameter f is a measure of the overall coupling of the Higgs boson to the top quark,
whereas δ is a parameter that quantifies the mixture of CP-even and CP-odd components in the
Higgs boson. We also modify the gauge couplings of the Higgs boson as
gV V h = (1− x) gSMV V h , (2.1b)
where V can be W or Z, as said before. We maintain equality between the WWh and ZZh
couplings to respect custodial symmetry. The parameters x, f and δ are all real, and they all
vanish in the SM.
We now comment on the existing experimental constraints on these modification parameters.
First, it has been shown in [21] that precision electroweak measurements imply −0.2 ≤ x ≤ 0.1
at 95% C.L. for mh = 125 GeV and mt = 173 GeV, while from the recent LHC Higgs data
analysis the 95% C.L. range has been estimated to be −0.4 ≤ x ≤ 0.4 [22, 23]. Second, the
allowed range of f can be extracted from recent fits of modified Higgs couplings against the
LHC data. For example, for x = 0, the range is −0.1 < f < 0.6 for values of δ fixed at 0
and pi [23, 24]. Note that similar bounds have been obtained by the authors of Ref. [25], who
considered a phase in the effective coupling due to an absorptive part in the amplitude. In this
chapter, we take a more conservative approach and consider a hermitian Yukawa Lagrangian.
2.2 Impact on high energy unitarity
With the modifications prescribed in Eq. (2.1), one should examine unitarity constraints on
scattering processes involving the top quark and the W -boson. Note that we will talk about the
longitudinally polarized component of the W -boson only, dropping the polarization subscript L
which is implicitly assumed. We have looked at the energy dependence of the elastic scattering
WW → WW and the inelastic scattering tt¯ → WW . The scattering amplitudes that we find
are as follows (see Appendices A and B for details):
AWW→WW = 2
√
2GFE
2(2x− x2)(1 + cos θ) + · · · , (2.2a)
Att¯→WW = 2
√
2GFEmtY (x, f, δ) + · · · , (2.2b)
where the dots indicate sub-leading terms in energy which do not concern us, θ is the scattering
angle, and
Y (x, f, δ) = ∓
[
1− (1− x)(1− f)e∓iδ
]
, (2.3)
Chapter 2. Modified Higgs couplings and unitarity violation 35
Figure 2.1: Unitarity violation scale as a function of x, for specific values of f and δ. For
each panel, the scale coming from the elastic WW → WW scattering has been marked. The
other lines come from tt¯→ WW scattering for various values of f . The vertical shaded region
represents the range of x consistent with electroweak precision data. Note the different scale on
the vertical axis for the plot with δ = 0.
where different signs correspond to different combinations of helicities [26]. The scattering
amplitude can be expanded in terms of partial waves [12]:
A(θ) = 16pi
∞∑
l=0
(2l + 1)alPl(cos θ) . (2.4)
The unitarity condition |a0| ≤ 1 puts upper limits on the center of mass energy in each of these
processes. These limits are as follows:
E ≤ EWWmax =
(
4
√
2pi
GF
1
|2x− x2|
) 1
2
[from WW →WW ] ; (2.5a)
E ≤ Ettmax =
4
√
2pi
GFmt
1
|Y (x, f, δ)| [from tt¯→WW ] . (2.5b)
Because only cos δ appears in |Y |, we can take δ in the range [0, pi]. Without any loss of
generality, we can take 1−f ≥ 0 to cover the entire parameter space. In passing, let us add that
the constraints from tt¯→ ZZ is the same in the leading order in E as that given in Eq. (2.5b).
We now discuss the numerical dependence of the unitarity violation scale on the nonstandard
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parameters expressed through our master equations given in Eq. (2.5). Our results are dis-
played in Fig. 2.1. The different panels correspond to different choices of δ, as indicated in
the figure. For the WW → WW scattering amplitude which grows as E2, there is con-
tribution coming from Higgs mediated diagram and therefore it depends on x, but there is
no dependence on f and δ since the top-Higgs coupling is not involved. The latter cou-
pling is of course relevant for the tt¯ → WW scattering, and the Higgs mediated graph is
sensitive to all the three nonstandard parameters, i.e. x, f and δ. In all the panels the
lines titled WW → WW , obtained by plotting Eq. (2.5a), show the scale of unitarity vio-
lation as the WWh coupling departs from its SM value. The other lines mark the unitar-
ity violation scale arising from tt¯ → WW , and are obtained from Eq. (2.5b). In the limit
x = 1, i.e. when the Higgs either does not exist or does not couple to W , unitarity is
Figure 2.2: Allowed regions in
the x-f plane that correspond to the
diphoton enhancement ratio µγγ ly-
ing between 1.5 and 2, for different
values of δ.
violated at a pretty low scale, EWWmax ≈ 1.3 TeV. As x
approaches zero, EWWmax goes up. On the other hand,
the limit f = 1 implies that the Higgs does not couple
to the top quark, so in this limit the Higgs mediated
graph for tt¯ → WW would not exist, and hence,
the unitarity violation scale arising from the above
scattering would be independent of x and δ. Similar
things happen in the limit x = 1, causing the unitar-
ity violation scale from tt¯→WW to be independent
of f and δ. This is precisely the reason as to why
the horizontal f = 1 line in all the panels meet the
curvy lines for other values of f at one single point
which is at x = 1 corresponding to Ettmax ≈ 9 TeV.
An important observation at this stage is the follow-
ing: for δ 6= 0 and δ 6= pi, the process tt¯ → WW is
not unitary regardless of the choice of x and f . The
vertical shades in the four panels restrict the values
of x within the zone allowed by precision tests. One
thing is quite clear that if x happens to take a value near the edge of the shade in any panel,
the unitarity violation would set in for WW →WW at a scale much lower than where it would
happen for tt¯→ WW , which is easily understood from the E2 versus E growth in the two am-
plitudes. But if x settles at a much smaller value, as one can see from the different panels, the
unitarity violation scales from these two amplitudes get closer and at some point the hierarchy
mentioned earlier is reversed.
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2.3 Impact on diphoton signal strength
We now consider the decay of the 125GeV particle into two photons. Two-photon final states
have a definite CP property, more specifically, a definite parity. As a result, if the initial spin-zero
state is not an eigenstate of parity, the parity-even and parity-odd components will contribute
incoherently, i.e., their loop contributions can be added together separately in the amplitude
squared level.
The decay h→ γγ proceeds dominantly through a W boson loop and a top loop diagram. For
a CP-mixed h whose couplings are given by Eqs. (2.1b) and (2.1a), the decay width is given
by [27]:
Γ(h→ γγ) = α
2g2
210pi3
m3h
M2W
[∣∣∣∣(1− x)FW + 43(1− f) cos δ Ft
∣∣∣∣2 + ∣∣∣∣43(1− f) sin δ Pt
∣∣∣∣2
]
, (2.6)
where, the values of FW , Ft and Pt are given by
FW = 2 + 3τW + 3τW (2− τW )f(τW ) , (2.7a)
Ft = −2τt [1 + (1− τt)f(τt)] , (2.7b)
Pt = 2τt f(τt) , (2.7c)
with τx ≡ (2mx/mh)2 . (2.7d)
In the above equations, Ft and Pt represent the top-loop contributions from the scalar and
pseudoscalar parts respectively. For mh ≈ 125 GeV, τx > 1 for both x = W, t. In this situation,
f(τ) =
[
sin−1
(√
1/τ
)]2
. (2.8)
The SM expression for the Higgs to diphoton decay width is obtained by putting x, f, δ = 0 in
Eq. (2.6). In view of this, the modification factor for the partial decay width can be expressed
as:
Rγγ =
Γ(h→ γγ)
ΓSM(h→ γγ) =
|(1− x)FW + 43(1− f) cos δ Ft|2 + |43(1− f) sin δ Pt|2
|FW + 43Ft|2
. (2.9)
It should also be noted that due to the modification of the tth Yukawa coupling, the ggh effective
vertex will also be modified. Denoting the modification factor for h→ gg decay width by G, one
can easily find
G = Γ
SM(h→ gg)
Γ(h→ gg) = (1− f)
2 | cos δ Ft|2 + | sin δ Pt|2
|Ft|2 . (2.10)
We should also remember that the same factor, G, also controls the modification of the production
cross-section through the gg → h channel.
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Figure 2.3: Unitarity violation scale plotted against diphoton enhancement. The vertical
shaded region (in yellow) corresponds to 1.5 < µγγ < 2.0. In the left panel we vary x in a very
narrow range: [-0.005, +0.005]. In the right panel, we set x = 0 so that WW scattering remain
always unitary and vary f and δ within [-1, +1] and [0, pi] respectively to see the correlation
between Emax for tt¯→WW and µγγ .
We now estimate how the Higgs production cross section would be modified. For 7(8)-TeV
LHC, the top loop driven gluon-gluon fusion channel contributes around 85% of the total cross
section, while the associated production and the vector boson fusion together almost account for
the remaining 15% [27]. The production cross section would then be modified roughly by the
factor
σ(pp→ h)
σSM(pp→ h) =
G · σG + (1− x)2σV
σG + σV
≈ G · 85% + (1− x)215% . (2.11)
As far as the different decay channels of the Higgs are concerned, for mh ≈ 125 GeV, branching
ratios of the SM Higgs boson are roughly as follows: 58% to bb¯, 7% to τ+τ−, 3% to cc¯, 24% to
V V ∗ and 8% to gg [27]. We then express the modification of the total decay width by the ratio:
Γh
ΓSMh
= (58% + 7% + 3%) + (1− x)224% + G · 8% . (2.12)
The above expressions lead us to define
µγγ =
σ(pp→ h)
σSM(pp→ h) ×
Γ(h→ γγ)
ΓSM(h→ γγ) ×
ΓSMh
Γh
. (2.13)
In Fig. 2.2 we have shaded different regions in the x-f plane, for different choices of δ, which
can account for the apparent excess of the diphoton events. Motivated by the recent LHC data,
we choose µγγ in the range 1.5 to 2 for the sake of illustration. For x ≈ 0 and δ = pi, we observe
that
0.1 < f < 0.25 (2.14)
which is roughly consistent with the limit quoted earlier in connection with global fits. Thus a
top-phobic Higgs, which corresponds to f → 1, is highly unlikely. We must admit though that
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this comparison is not entirely fair as we have modified only the top Yukawa coupling, while in
the global fits all the Yukawa couplings were modified. We also admit that for the simplicity of
illustration we have not taken into account the efficiency factors in the estimation of µγγ .
2.4 Correlation between Emax and µγγ
In the left panel of Fig. 2.3, we have exhibited the correlation between the unitarity violation
scale and the diphoton enhancement ratio µγγ . For drawing this plot, we have varied f between
−1 and +1. Keeping in mind the relative sensitivity of the two scattering processes, we restrict x
in a rather narrow range: −0.005 < x < 0.005 in the left panel. The lower horizontal boundary
of the (gray) shaded region around Emax = 13 TeV, appropriately labeled, corresponds to the
unitarity violation scale in WW → WW scattering with |x| = 0.005. For smaller values of x,
this line will appear at higher energy. The other curvy lines come from tt¯ → WW and they
correspond to four different choices of δ, viz., 0, pi/4, pi/2 and pi. The thickness of these lines
for different values of δ come from the range of x just mentioned. For δ = 0, it is hard to
achieve a value of µγγ as large as 1.5. For δ = pi, it is possible to obtain a value of µγγ in the
range 1.5 to 2, as can be seen by the corresponding line going through the vertical shade. The
corresponding range of f , which can be read from Fig. 2.2, has been mentioned in Eq. (2.14). It
is worth noting from this figure that for δ = pi, which facilitates diphoton rate enhancement, the
unitarity violation scale comes down to around 5TeV. This is true even when x = 0, i.e., when
the gauge coupling of the Higgs boson matches the SM value and therefore the WW → WW
scattering is perfectly unitary. For visual clarification, we have set x = 0 in the right panel of
Fig. 2.3 so that WW -scattering remains unitary up to arbitrary high energies. Here we can see
(from the overlap between vertical yellow band and gray shaded region) that if the value of µγγ
eventually settles somewhere within 1.5 to 2, then high scale unitarity of the process tt¯→WW
is bound to be violated somewhere between 5 and 19 TeV.
2.5 Conclusions
To summarize, even though the existence of a Higgs-like particle has been announced, precise
measurements of its couplings to gauge bosons and fermions would take quite a while. If the
measured couplings eventually match their SM values, the theory is unitary, i.e. well-behaved
up to arbitrarily high energies. Otherwise, the extent of departure of the measured values of
the couplings from their SM predictions would mark the scale where unknown dynamics would
set in (see e.g. [28]). We have carried out a quantitative study of this scale as a function of
the deviation of the Higgs couplings from their SM values through studies of the WW → WW
and tt¯→WW scattering processes. We have specifically focused on nonstandard effects on the
Chapter 2. Modified Higgs couplings and unitarity violation 40
gauge coupling of the Higgs and the top Yukawa coupling, as these two couplings play a crucial
rôle in the stability of the electroweak vacuum and the perturbative unitarity of the theory. If
future measurements favor Higgs couplings closer to its SM values, the expected scale of unitarity
saturation would go up.
‘That’s a rather broad idea’, I remarked.
‘One’s ideas must be as broad as Nature if they are to interpret Nature’, he answered.
Watson and Holmes in “A study in scarlet”
3
Post Higgs overview of two Higgs-doublet models
The discovery of a new boson in July of 2012 at the LHC [16, 17] is undoubtedly the greatest
achievement of this decade in the field of Particle Physics. This might be the final missing piece
of the SM. But at the same time, SM does not account for observations like neutrino oscillations,
dark matter. Phenomena like these constitute the primary motivation to look for other avenues
beyond the SM (BSM). The SM relies on the minimal choice of a single SU(2) scalar doublet
giving masses to all the massive particles contained in the SM. Extension of the SM scalar sector
is a common practice in constructing BSM models. While extending the scalar sector, one runs
into the risk of altering the tree level value of the electroweak ρ-parameter. If we construct an
SU(2) × U(1) gauge theory with n scalar multiplets, then the general expression for the tree
level ρ-parameter reads
ρtree =
n∑
i=1
{
Ti(Ti + 1)− Y
2
i
4
}
vi
1
2
n∑
i=1
Y 2i vi
, (3.1)
where, Ti and Yi denote the weak isospin and hypercharge of the i-th scalar multiplet respectively
and vi refers to the vacuum expectation value (vev) picked up by the neutral component of the i-
th multiplet. One can easily verify that if the scalar sector contains only SU(2) singlets (Ti = 0)
and doublets (Ti = 1/2) with hypercharges 0 and ±1 respectively, the ρtree = 1 is automatically
recovered without requiring any fine tuning among the vevs. In this article we restrict ourselves to
41
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the doublet extensions only. This simplest extension of this type is the case of two Higgs-doublet
model (2HDM) [29] which receives a lot of attention because minimal supersymmetry relies on
it. In a general 2HDM both the doublets can couple to each type of fermions. Consequently,
there will be two Yukawa matrices which, in general, are not diagonalizable simultaneously.
This will introduce new flavor changing neutral current (FCNC) couplings mediated by neutral
Higgses. It was shown by Glashow and Weinberg [30] and independently by Pascos [31] that
Higgs mediated FCNC can be avoided altogether if fermions of a particular charge get their
masses from a single scalar doublet. This prescription was realized by employing a Z2 symmetry
under which one of the doublet is odd. Then there are four different possibilities for assigning
Z2 parities to the fermions so that Glashow-Weinberg-Pascos theorem is satisfied. This leads to
the following four types of 2HDMs:
• Type I: all quarks and leptons couple to only one scalar doublet Φ2 ;
• Type II: Φ2 couples to up-type quarks, while Φ1 couples to down-type quarks and charged
leptons (minimal supersymmetry conforms to this category);
• Type X or lepton specific: Φ2 couples to all quarks, while Φ1 couples to all leptons;
• Type Y or flipped: Φ2 couples to up-type quarks and leptons, while Φ1 couples to down-
type quarks.
There is also the option for preventing tree level FCNC by assuming the two Yukawa matrices
proportional to each other. This gives rise to the so called aligned 2HDM. However Branco,
Grimus and Lavoura (BGL) employed a global U(1) symmetry which textures both Yukawa
matrices in a certain way [32]. As a result of this the tree level Higgs FCNC couplings get
related to the off diagonal elements of the CKM matrix and thereby are naturally suppressed.
In this chapter, I intend to highlight some major phenomenological aspects of these different
types of 2HDMs with special emphasis on the BGL models. We will also discuss how the recent
LHC Higgs data constrain these models.
3.1 The scalar potential
There are two equivalent notations that are used in the literature to write the 2HDM scalar
potential invariant under a Z2 symmetry (Φ2 → −Φ2) :
 Notation 1
V (Φ1,Φ2) = m
2
11Φ
†
1Φ1 +m
2
22Φ
†
2Φ2 −
(
m212Φ
†
1Φ2 + h.c.
)
+
β1
2
(
Φ†1Φ1
)2
+
β2
2
(
Φ†2Φ2
)2
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+β3
(
Φ†1Φ1
)(
Φ†2Φ2
)
+ β4
(
Φ†1Φ2
)(
Φ†2Φ1
)
+
{
β5
2
(
Φ†1Φ2
)2
+ h.c.
}
(3.2)
 Notation 2
V = λ1
(
Φ†1Φ1 −
v21
2
)2
+ λ2
(
Φ†2Φ2 −
v22
2
)2
+ λ3
(
Φ†1Φ1 + Φ
†
2Φ2 −
v21 + v
2
2
2
)2
+λ4
(
(Φ†1Φ1)(Φ
†
2Φ2)− (Φ†1Φ2)(Φ†2Φ1)
)
+ λ5
(
Re Φ†1Φ2 −
v1v2
2
)2
+ λ6
(
Im Φ†1Φ2
)2
.(3 3)
The bilinear terms proportional to m212 in Eq. (3.2) and λ5 in Eq. (3.3) break the Z2 symmetry
softly. The significance of these types of soft breaking term will be discussed later. We assume
all the potential parameters to be real so that CP symmetry is conserved in the scalar sector.
Note that, when we minimize the potential of Eq. (3.2), the two minimization conditions can
be used to trade m211 and m222 for v1 and v2 and the potential can be cast in the form of Eq.
(3.3). Note that, unlike Eq. (3.2), Eq. (3.3) implicitly assumes that the Z2 symmetry is also
broken spontaneously, i.e., both the doublets receive vevs. In this chapter, we shall only consider
2HDMs where the value of tanβ (≡ v2/v1) is nonzero and finite. The connections between the
parameters of Eq. (3.2) and Eq. (3.3) are given below:
m211 = −(λ1v21 + λ3v2) ; m222 = −(λ2v22 + λ3v2) ; m212 =
λ5
2
v1v2 ; β1 = 2(λ1 + λ3) ;
β2 = 2(λ2 + λ3) ; β3 = 2λ3 + λ4 ; β4 =
λ5 + λ6
2
− λ4 ; β5 = λ5 − λ6
2
. (3.4)
In Eq. (3.4) v =
√
v21 + v
2
2 = 246 GeV, where v1 and v2 are the vevs of the two doublets Φ1
and Φ2 respectively. We also remember that it is the combination m212/(sinβ cosβ), not m212
itself, which controls the nonstandard masses [33]. In view of these facts, λ5, rather than m212,
constitutes a convenient parameter that can track down the effect of soft breaking. Therefore,
for most part of this chapter, we choose to work with the notation of Eq. (3.3).
Before we move on, it should be reemphasized that the parametrization of Eq. (3.3) is less general
than that of Eq. (3.2). Any connection between the two sets of parameters can be established
only when both the scalars receive vevs. The inert doublet scenario can be very easily realized in
the parametrization of Eq. (3.2), while just setting v2 = 0 in the parametrization of Eq. (3.3) does
not lead us to the same limit. To appreciate this salient aspect, we consider a simpler scenario
when we have only one Higgs doublet. Then the potential can be written in two equivalent ways:
V ∼ µ2|φ|2 + λ|φ|4, and V ′ ∼ λ (|φ|2 − v2/2)2. They become truly equivalent when µ2 < 0, and
consequently, the scalar receives a vev. But when µ2 > 0, the scalar remains inert. In that case,
putting v = 0 in V ′ does not take us to the physical situation given by V , as the latter still
contains, in addition to λ, an independent dimensionful parameter µ2. Our Eqs. (3.3) and (3.2)
are 2HDM generalizations of V ′ and V , respectively.
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3.1.1 Physical eigenstates
Expressing the scalar doublets as
Φi =
1√
2
( √
2w+i
(hi + vi) + izi
)
, (3.5)
we will be able to construct the mass matrices using Eq. (3.3). Since we have assumed all the
potential parameters to be real, there will be no bilinear mixing term of the form hizj . As a
result, the neutral mass eigenstates will also be the eigenstates of CP. For the charged sector we
get the following mass matrix :
V chargedmass =
(
w+1 w
+
2
)
M2C
(
w−1
w−2
)
with, M2C =
λ4
2
(
v22 −v1v2
−v1v2 v21
)
. (3.6)
M2C can be diagonalized to obtain a physical charged Higgs pair (H
±
1 ) and a pair of charged
Goldstones as follows : (
ω±
H±1
)
=
(
cosβ sinβ
− sinβ cosβ
)(
w±1
w±2
)
, (3.7)
where, the rotation angle, β, is defined through the relation tanβ = v2/v1. The mass of the
charged Higgs pair (H±1 ) is found to be
m21+ =
λ4
2
v2 . (3.8)
Similarly for the pseudoscalar part one can easily find
V CP oddmass =
(
z1 z2
) 1
2
M2P
(
z1
z2
)
with, M2P =
λ6
2
(
v22 −v1v2
−v1v2 v21
)
. (3.9)
The diagonalization is similar to that in the charged sector. Here we shall get a physical pseu-
doscalar (A) and a neutral Goldstone (ζ) as follows :(
ζ
A
)
=
(
cosβ sinβ
− sinβ cosβ
)(
z1
z2
)
. (3.10)
The mass of the pseudoscalar is given by
m2A =
λ6
2
v2 . (3.11)
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For the scalar part we find
V CP evenmass =
(
h1 h2
) 1
2
M2S
(
h1
h2
)
with, M2S =
(
AS BS
BS CS
)
, (3.12a)
where, AS = 2(λ1 + λ3)v
2
1 +
λ5
2
v22 , (3.12b)
BS = 2(λ3 +
λ5
4
)v1v2 , (3.12c)
CS = 2(λ2 + λ3)v
2
2 +
λ5
2
v21 . (3.12d)
The masses of the physical eigenstates, H and h, can be readily found as
m2H =
1
2
[
(AS + CS) +
√
(AS − CS)2 +B2S
]
, (3.13a)
m2h =
1
2
[
(AS + CS)−
√
(AS − CS)2 +B2S
]
. (3.13b)
The physical scalars are obtained by rotating the original basis by an angle α :(
H
h
)
=
(
cosα sinα
− sinα cosα
)(
h1
h2
)
. (3.14)
This rotation angle is defined through the following relation
tan 2α =
2BS
AS − CS =
2
(
λ3 +
λ5
4
)
v1v2
λ1v21 − λ2v22 +
(
λ3 +
λ5
4
)
(v21 − v22)
. (3.15)
Note that there were eight parameters to start with: v1, v2 and 6 lambdas. We trade v1 and v2
for v and tanβ. All the lambdas except λ5 can be traded for 4 physical Higgs masses and α.
The relations between these two equivalent sets of parameters are given below :
λ1 =
1
2v2 cos2 β
[
m2H cos
2 α+m2h sin
2 α− sinα cosα
tanβ
(
m2H −m2h
)]
−λ5
4
(
tan2 β − 1) , (3.16a)
λ2 =
1
2v2 sin2 β
[
m2h cos
2 α+m2H sin
2 α− sinα cosα tanβ (m2H −m2h)]
−λ5
4
(
cot2 β − 1) , (3.16b)
λ3 =
1
2v2
sinα cosα
sinβ cosβ
(
m2H −m2h
)− λ5
4
, (3.16c)
λ4 =
2
v2
m21+ , (3.16d)
λ6 =
2
v2
m2A . (3.16e)
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Among these, v is already known and if we assume that the lightest CP-even Higgs is what
has been observed at the LHC, then mh is also known. The rest of the parameters need to be
constrained from theoretical as well as experimental considerations.
3.1.2 The alignment limit
The alignment limit addresses the possibility of recovering a CP-even mass eigenstate with
exactly same couplings as the SM Higgs with the SM particles. To start with, it is instructive
to look at the trilinear gauge-Higgs couplings which stem from the Higgs kinetic terms. As an
example, consider the case of a 2HDM :
L scalarkin = |DµΦ1|2 + |DµΦ2|2 3
g2
2
W+µ W
µ−(v1h1 + v2h2) . (3.17)
Clearly the combination
H0 =
1
v
(v1h1 + v2h2) (3.18)
will carry away the exact SM-like gauge couplings and its orthogonal combination (R say) will
not have any trilinear couplings with the gauge bosons. Obviously, for n Higgs-doublet case, the
definition of H0 will be
H0 =
1
v
(v1h1 + v2h2 + · · ·+ vnhn) . (3.19)
As we will illustrate later, this H0 will mimic the SM Higgs in its Yukawa couplings also. For
the case of 2HDM this combination can be obtained by applying the same rotation as in the
charged and pseudoscalar cases:(
H0
R
)
=
(
cosβ sinβ
− sinβ cosβ
)(
h1
h2
)
. (3.20)
Now, this SM-like state, H0, is not guaranteed to be a mass eigenstate in general. The alignment
limit specifically points towards the condition under which H0 coincides with one of the CP-even
physical eigenstates. For the 2HDM case, the relationships are :
H = cos(β − α)H0 − sin(β − α)R , (3.21a)
h = sin(β − α)H0 + cos(β − α)R . (3.21b)
Clearly, if we want the lightest CP-even scalar, h, to posses SM-like couplings, we must set
sin(β − α) = 1 (3.22)
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Figure 3.1: The red, orange and yellow regions represent the 68%, 95% and 99% CL allowed
regions respectively coming from the Higgs signal strength measurement at the LHC. The left
panel shows the situation for Type I model, whereas, the right panel shows that of Type II model.
The figures have been taken from [34].
which is the definition of the alignment limit in the 2HDM context. So, going to the alignment
limit reduces one more parameter from the theory.
Now we come to the important question of how crucial this limit is in the context of current
LHC Higgs data. Many global fit results in view of the recent data can be found in the literature
[34–39]. In Fig. 3.1 we choose to display the result of a recent analysis [34]. The orange regions
represent the 95% CL allowed region from measurements of the Higgs signal strengths in various
channels (See Fig. 3.2). Since the data is compatible with the SM prediction, one can easily see
that the alignment limit is preferred. The horizontal widths of the allowed regions reflect the
present accuracy of measurements. In ref [39], it has also been projected how this region will
shrink if future measurement continues to agree with the SM predictions with greater amount
of accuracy. We can easily guess that if this is the case, we will continuously be pushed closer
and closer to the alignment limit. Thus finding an alignment limit might be crucial for survival
of the different BSM scenarios.
3.1.3 Bounded from below constraints
For this particular part, it might be convenient to work with the notation of Eq. (3.2). Here we
try to derive the constraints on parameters βi such that the scalar potential, V , is bounded from
below in any direction in the field space. It is sufficient to examine the quartic terms of the scalar
potential (which we denote by V4) because only this part of the potential will be dominant for
large values of the field components of Φ1 and Φ2. We define a = Φ
†
1Φ1, b = Φ
†
2Φ2, c = Re Φ
†
1Φ2,
d = Im Φ†1Φ2 and note that
ab ≥ c2 + d2 . (3.23)
Chapter 3. Post Higgs overview of two Higgs-doublet models 48
) µSignal strength (
0 0.5 1 1.5 2
ATLAS Prelim.
-1Ldt = 4.5-4.7 fb∫ = 7 TeV s
-1Ldt = 20.3 fb∫ = 8 TeV s
 = 125.36 GeVHm
arXiv:1408.7084
0.27-
0.27+
 = 1.17µ
γγ →H 
 0.11-
 0.16+
 0.23-
 0.23+
arXiv:1408.5191
0.33-
0.40+
 = 1.44µ
 4l→ ZZ* →H 
 0.11-
 0.21+
 0.31-
 0.34+
0.20-
0.22+
 = 1.08µ
νlν l→ WW* →H 
 0.13-
 0.16+
 0.15-
 0.16+
ATLAS-CONF-2014-060
arXiv:1409.6212
0.4-
0.4+
 = 0.5µ
b b→W,Z H 
 0.2-
 0.2+
 0.3-
 0.3+
0.4-
0.4+
 = 1.4µ
ττ →H 
 0.3-
 0.3+
 0.3-
 0.3+
ATLAS-CONF-2014-061
Total uncertainty
µ on σ1±
(stat.)σ
)theorysys inc.(σ
SMσ/σBest fit 
0 0.5 1 1.5 2
 0.29± = 1.00 µ       
 ZZ tagged→H 
 0.21± = 0.83 µ       
 WW tagged→H 
 0.24± = 1.13 µ       
 taggedγγ →H 
 0.27± = 0.91 µ       
 taggedττ →H 
 0.49± = 0.93 µ       
 bb tagged→H 
 0.13± = 1.00 µ       
Combined CMS
Preliminary
 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb
 = 125 GeVH m
Figure 3.2: Current measurements of the Higgs signal strengths into different channels by
ATLAS [40] and CMS [41].
Using these definitions we can rewrite the quartic part of the scalar potential as follows [33]:
V4 =
1
2
(√
β1a−
√
β2b
)2
+
(
β3 +
√
β1β2
) (
ab− c2 − d2)+ 2(β3 + β4 +√β1β2) c2
+
(
Re β5 − β3 − β4 −
√
β1β2
) (
c2 − d2)− 2cd Im β5 . (3.24)
Although we shall assume all the potential parameters to be real for our phenomenological
studies, here we wish to keep things general because our arguments in this subsection do not
depend on the reality of β5. We have to ensure that V4 never becomes infinitely negative in
any direction of the field space, i.e., for any choice of 8 independent field parameters (4 of Φ1
and 4 of Φ2). Note that, since Φ1 and Φ2 are two component column matrices, it is possible to
choose arbitrary nonzero values for a and b even when we make c = d = 0. But if a and/or b
becomes zero, then c = d = 0 for sure. Keeping these facts in mind, we now proceed to find the
constraints for the potential to be bounded from below.
• Consider the field direction b = 0 (and therefore c = d = 0) and a→∞; then V4 = β1/2a2.
So, V4 is not largely negative requires
β1 ≥ 0 . (3.25)
• Consider the field direction a = 0 (and therefore c = d = 0) and b→∞; then V4 = β2/2b2.
So, V4 is not largely negative requires
β2 ≥ 0 . (3.26)
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• Consider the field direction along which a = √β2/β1b (so that the first term in Eq. (3.24)
vanishes) and c = d = 0. In addition to this we go to large field values in that direction,
i.e., a, b→∞. Then, V4 = (β3 +
√
β1β2)ab. Now, as a, b > 0 by definition, the condition
for the potential not to hit −∞ becomes
β3 +
√
β1β2 ≥ 0 . (3.27)
• Again consider the field direction in which a = √β2/β1b along with ab = c2 + d2. Along
this direction, V4 is of the form
V4 = Pc
2 + 2Qcd+Rd2 , (3.28a)
where, P = Re β5 + Λ , (3.28b)
Q = −Im β5 , (3.28c)
R = −Re β5 + Λ , (3.28d)
with, Λ = β3 + β4 +
√
β1β2 . (3.28e)
Since c and d are still arbitrary, by choosing d = 0, c→∞ and c = 0, d→∞ successively,
we require
P = Re β5 + Λ ≥ 0 , (3.29a)
R = −Re β5 + Λ ≥ 0 , (3.29b)
and hence, Λ ≥ 0 . (3.29c)
To have another condition, let us recast Eq. (3.28a) into the following form :
V4 = P
(
c+
Q
P
d
)2
+
(
R− Q
2
P
)
d2 . (3.30)
We can now choose a direction along which c = −Q/P d with d → ∞ so that we have the
following condition :
R− Q
2
P
> 0 ⇒ PR > Q2 . (3.31)
For the last step, remember that P > 0 (Eq. (3.29a)) so that we can multiply both sides by P
without flipping the inequality sign. After substituting for P , Q and R we get from Eq. (3.31) :
Λ2 − (Re β5)2 > (Im β5)2 ⇒ Λ2 > |β5|2 , (3.32a)
Λ > |β5| , (3.32b)
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where, in the last step we have used the fact that Λ > 0 (Eq. (3.29c)). Since |β5| > ±β5, 0,
Eq. (3.32b) puts a stronger constrain on Λ than Eq. (3.29). Therefore, substituting for Λ, Eq.
(3.32b) becomes
β3 + β4 +
√
β1β2 > |β5| . (3.33)
We now collect Eqs. (3.25), (3.26), (3.27) and (3.33) together and, using Eq. (3.4), express them
in terms of lambdas for later use :
λ1 + λ3 > 0 , (3.34a)
λ2 + λ3 > 0 , (3.34b)
(2λ3 + λ4) + 2
√
(λ1 + λ3)(λ2 + λ3) > 0 , (3.34c)
2λ3 +
λ5 + λ6
2
− |λ5 − λ6|
2
+ 2
√
(λ1 + λ3)(λ2 + λ3) > 0 . (3.34d)
The way we have presented the derivation, it appears that these are only the necessary conditions
for the potential to be bounded from below. But rigorous analysis [42, 43] shows that these are
indeed the sufficient conditions also.
3.1.4 Constraints from unitarity
As mentioned in Chapter 1, any scattering amplitude can be expanded in terms of the partial
waves as follows:
M(θ) = 16pi
∞∑
`=0
a`(2`+ 1)P`(cos θ) , (3.35)
where, θ is the scattering angle and P`(x) is the Legendre polynomial of order `. The prescription
is simple : once we calculate the Feynman amplitude of a certain 2→ 2 scattering process, each of
the partial wave amplitude (a`), in Eq. (3.35), can be extracted by using the orthonormality of the
Legendre polynomials. In the context of SM, the pioneering work has been done by Lee, Quigg
and Thacker (LQT) [12]. They have analyzed several two body scatterings involving longitudinal
gauge bosons and physical Higgs in the SM. All such scattering amplitudes are proportional to
Higgs quartic coupling in the high energy limit. The ` = 0 partial wave amplitude (a0) is then
extracted from these amplitudes and cast in the form of an S-matrix having different two-body
states as rows and columns. The largest eigenvalue of this matrix is bounded by the unitarity
constraint, |a0| < 1. This restricts the quartic Higgs self coupling and therefore the Higgs mass
to a maximum value.
The procedure has been extended to the case of a 2HDM scalar potential [44–47]. Here also same
types of two body scattering channels are considered. Thanks to the equivalence theorem [48,49],
we can use unphysical Higgses instead of actual longitudinal components of the gauge bosons
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when considering the high energy limit. So, we can use the Goldstone-Higgs potential of Eq.
(3.3) for this analysis. Still it will be a much involved calculation. But we notice that the
diagrams containing trilinear vertices will be suppressed by a factor of E2 coming from the
intermediate propagator. Thus they do not contribute at high energies, – only the quartic
couplings contribute. Clearly the physical Higgs masses that could come from the propagators,
do not enter this analysis. Since we are interested only in the eigenvalues of the S-matrix, this
allows us to work with the original fields of Eq. (3.3) instead of the physical mass eigenstates.
As already argued, only the dimensionless quartic couplings will contribute to the amplitudes
under consideration at high energies. As a result, only ` = 0 partial amplitude (a0) will receive
nonzero contribution from the leading order term in the scattering amplitude. It is our purpose,
then, to find the expressions of a0 for every possible 2→ 2 scattering process and cast them in
the form of an S-matrix which is constructed by taking the different two-body channels as rows
and columns. Unitarity will restrict the magnitude of each of the eigenvalues of this S-matrix
to lie below unity.
First important part of the calculation is to identify all the possible two-particle channels. These
two-particle states are made of the fields w±k , hk and zk corresponding to the parametriza-
tion of Eq. (3.5). For our calculation, we consider neutral two-particle states (e.g., w+i w
−
j ,
hihj , zizj , hizj) and singly charged two-particle states (e.g., w+i hj , w
+
i zj). In general, if we
have n-number of doublets φk (k = 1, . . . , n) there will be (3n2 +n)-number of neutral and 2n2-
number of charged two-particle states. Clearly, the dimensions of S-matries formed out of these
two-particle states will be a (3n2 +n)×(3n2 +n) and 2n2×2n2 for the neutral and charged cases
respectively. The eigenvalues of these matrices should be bounded by the unitarity constraint.
We will exemplify these by considering the case of a 2HDM. In this case, the neutral channel
S-matrix will be a 14× 14 matrix with the following two-particle states as rows and columns :
w+1 w
−
1 , w
+
2 w
−
2 , w
+
1 w
−
2 , w
+
2 w
−
1 ,
h1h1√
2
,
z1z1√
2
,
h2h2√
2
,
z2z2√
2
, h1z2, h2z1, z1z2, h1h2, h1z1, h2z2 .
The factor of 1/
√
2 associated with the identical particle states arises due to Bose symmetry.
In the most general case, finding the eigenvalues of the 14× 14 matrix would be a tedious job.
But the potential of Eq. (3.3) contains some obvious symmetries in its quartic terms. These
symmetries will allow us to decompose the full matrix in smaller blocks. One must note that
the quartic part of the potential always contain even number of indices, 1 or 2. Consequently
a state x1y1 or x2y2 will always go into x1y1 or x2y2 but not into x1y2 or x2y1 and vice versa.
Furthermore, CP symmetry is conserved. This implies, a neutral state with combination hihj
or zizj will never go into hizj . Keeping these facts in mind we can now decompose the S-matrix
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in the neutral sector into smaller blocks as follows :
MN =

(M11N )6×6 0 0
0 (M11N )2×2 0
0 0 (M12N )6×6
 . (3.36)
The submatrices are given below :
(M11N )6×6 =
(
(A11N )3×3 (B11N )3×3
(B11N )†3×3 (C11N )3×3
)
, (3.37a)
where,
(A11N )3×3 =

w+1 w
−
1 w
+
2 w
−
2
z1z1√
2
w+1 w
−
1 4(λ1 + λ3) 2λ3 +
λ5+λ6
2
√
2(λ1 + λ3)
w+2 w
−
2 2λ3 +
λ5+λ6
2 4(λ2 + λ3)
√
2
(
λ3 +
λ4
2
)
z1z1√
2
√
2(λ1 + λ3)
√
2
(
λ3 +
λ4
2
)
3(λ1 + λ3)
 , (3.37b)
(B11N )3×3 =

h1h1√
2
z2z2√
2
h2h2√
2
w+1 w
−
1
√
2(λ1 + λ3)
√
2
(
λ3 +
λ4
2
) √
2
(
λ3 +
λ4
2
)
w+2 w
−
2
√
2
(
λ3 +
λ4
2
) √
2(λ2 + λ3)
√
2(λ2 + λ3)
z1z1√
2
(λ1 + λ3) λ3 +
λ5
2 λ3 +
λ6
2
 , (3.37c)
(C11N )3×3 =

h1h1√
2
z2z2√
2
h2h2√
2
h1h1√
2
3(λ1 + λ3) λ3 +
λ6
2 λ3 +
λ5
2
z2z2√
2
λ3 +
λ6
2 3(λ2 + λ3) (λ2 + λ3)
h2h2√
2
λ3 +
λ5
2 (λ2 + λ3) 3(λ2 + λ3)
 . (3.37d)
(M11N )2×2 =
( h1z1 h2z2
h1z1 2(λ1 + λ3)
λ5−λ6
2
h2z2
λ5−λ6
2 2(λ2 + λ3)
)
, (3.37e)
(M12N )6×6 =
(
(A12N )3×3 (B12N )3×3
(B12N )†3×3 (C12N )3×3
)
, (3.37f)
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where,
(A12N )3×3 =

w+1 w
−
2 w
+
2 w
−
1 h1z2
w+1 w
−
2 2λ3 +
λ5+λ6
2 λ5 − λ6 − i2(λ4 − λ6)
w+2 w
−
1 λ5 − λ6 2λ3 + λ5+λ62 i2(λ4 − λ6)
h1z2
i
2(λ4 − λ6) − i2(λ4 − λ6) 2λ3 + λ6
 , (3.37g)
(B12N )3×3 =

h2z1 z1z2 h1h2
w+1 w
−
2
i
2(λ4 − λ6) λ5−λ42 λ5−λ42
w+2 w
−
1 − i2(λ4 − λ6) λ5−λ42 λ5−λ42
h1z2
λ5−λ6
2 0 0
 , (3.37h)
(C12N )3×3 =

h2z1 z1z2 h1h2
h2z1 2λ3 + λ6 0 0
z1z2 0 2λ3 + λ5
λ5−λ6
2
h1h2 0
λ5−λ6
2 2λ3 + λ5
 . (3.37i)
The same exercise can be repeated for the charged two-particle states. For the singly charged
sector, it will be a 8× 8 matrix which will take the following block diagonal form :
MC =
(
(M11C )4×4 0
0 (M12C )4×4
)
. (3.38)
The submatrices are given below :
(M11C )4×4 =

h1w
+
1 h2w
+
2 z1w
+
1 z2w
+
2
h1w
+
1 2(λ1 + λ3)
λ5−λ4
2 0 − i2(λ4 − λ6)
h2w
+
2
λ5−λ4
2 2(λ2 + λ3) − i2(λ4 − λ6) 0
z1w
+
1 0
i
2(λ4 − λ6) 2(λ1 + λ3) λ5−λ42
z2w
+
2
i
2(λ4 − λ6) 0 λ5−λ42 2(λ2 + λ3)
 , (3.39a)
(M12C )4×4 =

h1w
+
2 h2w
+
1 z1w
+
2 z2w
+
1
h1w
+
2 2λ3 + λ4
λ5−λ4
2 0
i
2(λ4 − λ6)
h2w
+
1
λ5−λ4
2 2λ3 + λ4
i
2(λ4 − λ6) 0
z1w
+
2 0 − i2(λ4 − λ6) 2λ3 + λ4 λ5−λ42
z2w
+
1 − i2(λ4 − λ6) 0 λ5−λ42 2λ3 + λ4
 . (3.39b)
The eigenvalues for these matrices are listed below :
• (M11N )6×6 : a±1 , a±2 , a±3 .
• (M11N )2×2 : a±3 .
• (M12N )6×6 : b1, b2, b3, b4, b5 with b5 twofold degenerate.
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• (M11C )4×4 : a±2 , a±3 .
• (M12C )4×4 : b2, b4, b5, b6.
We also enlist below the explicit expressions for these eigenvalues:
a±1 = 3(λ1 + λ2 + 2λ3)±
√
9(λ1 − λ2)2 +
(
4λ3 + λ4 +
λ5 + λ6
2
)2
, (3.40a)
a±2 = (λ1 + λ2 + 2λ3)±
√
(λ1 − λ2)2 + 1
4
(2λ4 − λ5 − λ6)2 , (3.40b)
a±3 = (λ1 + λ2 + 2λ3)±
√
(λ1 − λ2)2 + 1
4
(λ5 − λ6)2 , (3.40c)
b1 = 2λ3 − λ4 − 1
2
λ5 +
5
2
λ6 , (3.40d)
b2 = 2λ3 + λ4 − 1
2
λ5 +
1
2
λ6 , (3.40e)
b3 = 2λ3 − λ4 + 5
2
λ5 − 1
2
λ6 , (3.40f)
b4 = 2λ3 + λ4 +
1
2
λ5 − 1
2
λ6 , (3.40g)
b5 = 2λ3 +
1
2
λ5 +
1
2
λ6 , (3.40h)
b6 = 2(λ3 + λ4)− 1
2
λ5 − 1
2
λ6 . (3.40i)
Each of the above eigenvalues should be bounded from the unitarity constraint as
|a±i |, |bi| ≤ 16pi . (3.41)
3.1.5 Numerical constraints on the scalar masses in the alignment limit
Next important thing is to investigate the implications of these conditions on the physical scalar
masses especially the nonstandard ones. Fig. 3.3 shows the region allowed by the combined
constraints coming from unitarity and boundedness of the potential for the case λ5 = 0, i.e.,
exact Z2 symmetry. Noteworthy features are listed below :
• From the left panel, we can read the limit on tanβ, 1/8 < tanβ < 8.
• Limits on the masses are, mH , mA, m1+ < 1 TeV.
The reason for the above mentioned bounds can be traced back to the eigenvalues of Eq. (3.40).
First two constraints for boundedness in Eq. (3.34) can be combined into
λ1 + λ2 + 2λ3 > 0 . (3.42)
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Figure 3.3: Allowed region from unitarity and stability for exact Z2 symmetry. The figures
have been taken from [50].
This, then together with the condition |a±1 | < 16pi, implies
0 < λ1 + λ2 + 2λ3 <
16pi
3
, (3.43)
⇒ 0 <
(
m2H −
1
2
λ5v
2
)
(tan2 β + cot2 β) + 2m2h <
32piv2
3
, (3.44)
where the last expression is obtained from the previous one by using Eq. (3.16) in the alignment
limit. Since mH > 125 GeV, this will put a limit on tanβ (as well as cotβ) when λ5 = 0. Since
the minimum value of (tan2 β + cot2 β) is 2 when tanβ = 1, the maximum possible value of
mH occurs at tanβ = 1. In summary, Eq. (3.44) explains the tanβ dependent bound on mH as
depicted in the left panel of Fig. 3.3.
Eq. (3.44) also implies that the restriction on tanβ will be lifted for 1/2λ5v2 > (m2H)min =
(125 GeV)2. Once this condition is satisfied, m2H will have the chance to saturate to 1/2λ5v
2
making the difference between them to vanish in Eq. (3.44). In fact, to a very good approxima-
tion, one can use
m2H ≈ 1/2λ5v2 (3.45)
for tanβ > 5.
To understand the restrictions on mA and m1+, we use the triangle inequality to note the
following:
|b1 − b3| ≡ 3|λ6 − λ5| < 32pi , ⇒ |m2A −
1
2
λ5v
2| < 16piv
2
3
, (3.46a)
|b6 − b3| ≡ 3|λ4 − λ5| < 32pi , ⇒ |m21+ −
1
2
λ5v
2| < 16piv
2
3
. (3.46b)
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Figure 3.4: Relaxation of the unitarity and stability constraints on tanβ in the presence of
soft breaking. In the right panel, the vertical width of the of the tail in the region where tanβ is
much away from unity is caused by the variation of λ5 in the range [−15, 15]. The figures have
been taken from [50].
Because of Eqs. (3.46a) and (3.46b) we expect to put limits on mA and m1+ respectively, when
λ5 = 0. Additionally, note that due to the inequality
|b1 − b6| ≡ 3|λ6 − λ4| < 32pi , ⇒ |m2A −m21+| <
16piv2
3
, (3.47)
we expect the splitting between mA and m1+ to be always restricted in a 2HDM. It is also
interesting to note that the conclusions obtained from Eqs. (3.46a), (3.46b) and (3.47) do not
depend on the imposition of the alignment condition.
Next we shall investigate the implications of the soft breaking parameter on these constraints.
We have varied λ5 in the range [−15, 15] for this purpose. From Eq. (3.44) one can observe that
the space for tanβ is squeezed further if λ5 < 0 but the bound is relaxed if λ5 > 0. This feature
emerges from the left panel of Fig. 3.4. One can also see from Eq. (3.44) that m2H must follow
1/2λ5v
2 if tanβ moderately deviates from unity. This feature is reflected by the horizontal tail
in the right panel of Fig. 3.4 on both sides of the peak. The vertical width of the tail is caused
by the variation of λ5 in the range [−15, 15]. On the other hand, from Eqs. (3.46a), (3.46b)
and (3.44), it should be noted that the upper bounds on the nonstandard scalar masses will be
relaxed for λ5 > 0 but will get tighter for λ5 < 0. Fig. 3.5 reflects these features where one can
see that this dependence is rather weak.
It is also important to note that the production as well as the tree-level decay widths of h
remain unaltered from the corresponding SM expectations due to the imposition of alignment
limit of Eq. (3.22). But the loop induced decay modes of h, such as h → γγ and h → Zγ, will
pick up additional contributions due the presence of the charged scalar in loops. For example,
the diphoton signal strength (µγγ), in general, depends on both λ5 and m1+ [51]. The current
measurement by CMS gives µγγ = 1.14+0.26−0.23 [52], whereas ATLAS measures µγγ to be 1.17±0.27
[53]. In addition to this, the direct search limit of m1+ > 80 GeV [54] should also be taken into
account. Considering all of these experimental constraints, the allowed region at 95% C.L. has
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Figure 3.5: Effect of soft breaking on the constraints on the nonstandard masses. The (light
blue) shaded region in the rightmost panel represents the combined allowed region from direct
search and the diphoton signal strength at 95% C.L. The figures have been taken from [50].
been shaded (in light blue) in the rightmost panel of Fig. 3.5. Only those points that lie within
the shaded region survive both the theoretical and experimental constraints.
An interesting alternative arises if, instead of Z2, one imposes an U(1) symmetry under which
Φ2 → eiαΦ2. This U(1) symmetry needs to be broken softly to forbid the appearance of a
massless pseudoscalar. This symmetry will imply β6 = 0 in Eq. (3.2) or λ5 = λ6 in Eq. (3.3).
Thus, the soft breaking parameter now gets related to the pseudoscalar mass as m2A = 1/2λ5v
2.
Consequently, the correlation between mH and λ5 in the leftmost panel of Fig. 3.5 transforms
into the degeneracy between mH and mA [55]. The constraints on the scalar masses imposed
by the stability and unitarity conditions in Eqs. (3.34) and (3.40) have been plotted in Fig. 3.6
for tanβ = 1, 5 and 10 by performing random scan over all non-standard scalar masses.The
following salient features emerge from the plots.
• There is a correlation between mA and mH which gets stronger for larger values of tanβ,
to the extent that they become nearly degenerate once tanβ crosses 10. To understand
this, we note that for λ5 = λ6, Eq. (3.44) reduces to the following form
0 ≤ (m2H −m2A)(tan2 β + cot2 β) + 2m2h ≤
32piv2
3
. (3.48)
Clearly, for tanβ away from unity, H and A are almost degenerate.
• There is a similar correlation between mH and m1+, but this time without any dependence
on tanβ. This can again be seen from the inequalities of Eqs. (3.46a) and (3.46b) keeping
in mind that now m2A = 1/2λ5v
2.
• As regards the non-standard scalars, the unitarity conditions essentially apply on the dif-
ference of their squared masses. Thus, any individual mass can be arbitrarily large without
affecting the unitarity conditions. This conclusion crucially depends on the existence of a
U(1) symmetry of the potential. When the symmetry of the potential is only a discrete Z2,
considerations of unitarity do restrict the individual non-standard masses as has already
been demonstrated.
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Figure 3.6: 2HDM potential with softly broken U(1) symmetry: regions allowed in mH-mA,
mH-m1+ and mA-m1+ planes from unitarity and stability (red points), and from T -parameter
(black points), for three choices of tanβ. The plots have been taken from [55] where m1+ >
100GeV was assumed to respect LEP direct search bound [54].
• We note at this point that the splitting between the heavy scalar masses is also constrained
by the oblique electroweak T -parameter. In the present case, the expression of the T -
parameter in the alignment limit is given by [56,57]
T =
1
16pi sin2 θwM2W
[
F (m21+,m
2
H) + F (m
2
1+,m
2
A)− F (m2H ,m2A)
]
, (3.49)
with
F (x, y) =
x+ y
2
− xy
x− y ln(x/y) . (3.50)
The new physics contribution to the T -parameter can be found to be [58]
T = 0.05± 0.12 . (3.51)
To provide an intuitive feel on the constraints from the T -parameter, we assumemH = mA,
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which is anyway dictated by the unitarity constraints for tanβ somewhat away from unity.
It then follows from Eq. (3.49) that the splitting between m1+ and mH is approximately
50GeV, for |m1+ −mH |  m1+,mH . It turns out from Fig. 3.6 that the constraints from
the T -parameter are stronger than that from unitarity and stability.
For tanβ = 1, unitarity and stability do not compel mH and mA to be very close. In
this case, the T -parameter cannot give any definitive constraints in the planes of the heavy
scalar masses, unlike the unitarity and stability constraints. For this reason, we have shown
only the latter constraints in Fig. 3.6 for tanβ = 1.
• Thus, for moderate or large tanβ, the unitarity and stability constraints, together with
the constraints coming from the T -parameter, imply that all three heavy scalar states are
nearly degenerate in the alignment limit.
3.2 Yukawa part
We shall start by proving the assertion made below Eq. (3.19) that H0 carries SM-like Yukawa
couplings too. The most general Yukawa interaction for n Higgs-doublet model can be written
as:
LY = −
n∑
j=1
[
Q¯LΓjΦjnR + Q¯L∆jΦ˜jnR
]
+ h.c. (3.52)
Here QL = (pL nL)T is the left-handed quark doublet and, pR and nR are up- and down-type
singlets respectively. In writing the Yukawa Lagrangian, we have suppressed the flavor indices.
Γj and ∆j are actually 3 × 3 Yukawa matrices in the down- and up-sectors respectively. After
spontaneous symmetry breaking
Φj =
1√
2
( √
2w+j
(hj + vj) + izj
)
, Φ˜j = iσ2Φ
∗
2 =
1√
2
(
(hj + vj)− izj
−√2w−j
)
. (3.53)
Hence the mass-matrices take the following form in the gauge basis:
Mn =
1√
2
n∑
j=1
vjΓj , (3.54a)
Mp =
1√
2
n∑
j=1
vj∆j . (3.54b)
The diagonal mass matrices can be obtained via the following biunitary transformations:
Dd = U
†
L ·Mn · UR = diag(md, ms, mb) , (3.55a)
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Du = V
†
L ·Mp · VR = diag(mu, mc, mt) . (3.55b)
The matrices, U and V relates the quark fields in the gauge basis to those in the mass basis:
nL = ULdL , nR = URdR ; (3.56a)
pL = VLuL , pR = VRuR . (3.56b)
Clearly, the CP-even Yukawa interaction arising from Eq. (3.52) becomes
L CPevenY = −
1√
2
n¯L
 n∑
j=1
Γjhj
nR − 1√
2
p¯L
 n∑
j=1
∆jhj
 pR + h.c. (3.57)
Let us now rotate the {h1, h2, . . . hn} basis, via an orthogonal transformation, to a new basis
containing the state H0 which has been defined in Eq. (3.19). The transformation will look like
H0


...
 =
1
v

v1 v2 . . . vn
  . . . 
  . . . 
...
...
...
...


h1
h2
...
hn
 , (3.58)
⇒

h1
h2
...
hn
 =
1
v

v1   . . .
v2   . . .
...
...
...
...
vn   . . .


H0


...
 (3.59)
Using Eq. (3.59), we can extract the Yukawa coupling of H0 from Eq. (3.57) as follows :
L H
0
Y =
H0
v
− 1√
2
n¯L
 n∑
j=1
Γjvj
nR − 1√
2
p¯L
 n∑
j=1
∆jvj
 pR
+ h.c. (3.60)
= −H
0
v
[n¯LMnnR + p¯LMppR] + h.c. (3.61)
Using Eqs. (3.55) and (3.56) we can rewrite the coupling of Eq. (3.61) in the mass basis as
L H
0
Y = −
H0
v
[
d¯LDddR + u¯LDuuR
]
+ h.c. ≡ −H
0
v
[
d¯Ddd+ u¯Duu
]
, (3.62)
where, the last step follows from the fact that Du,d are diagonal. Eq. (3.62) shows that H0, by
construction, possesses SM-like Yukawa couplings with the SM fermions.
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3.2.1 The problem of FCNC
The general Yukawa Lagrangian for the 2HDM case is given by Eq. (3.52) with n = 2. Following
the definitions of Eqs. (3.20) and (3.53) we can take out the Yukawa coupling for the CP even
part :
L CP even2HDM = −
H0
v
{
n¯L
[
1√
2
(Γ1v1 + Γ2v2)
]
nR + p¯L
[
1√
2
(∆1v1 + ∆2v2)
]
pR
}
+
R
v
{
n¯L
[
1√
2
(Γ1v2 − Γ2v1)
]
nR + p¯L
[
1√
2
(∆1v2 −∆2v1)
]
pR
}
(3.63)
= −H
0
v
(
d¯Ddd+ u¯Duu
)
+
R
v
{
d¯
(
NdPR +N
†
dPL
)
d+ u¯
(
NuPR +N
†
uPL
)
u
}
. (3.64)
In Eq. (3.64), Nu,d are defined as follows :
Nd =
1√
2
U †L(Γ1v2 − Γ2v1)UR =
v2
v1
Dd − v2√
2
(
v2
v1
+
v1
v2
)
U †LΓ2UR , (3.65a)
Nu =
1√
2
V †L(∆1v2 −∆2v1)VR =
v2
v1
Du − v2√
2
(
v2
v1
+
v1
v2
)
V †L∆2VR . (3.65b)
In writing Eq. (3.65) we have made use of Eqs. (3.54) and (3.55) with n = 2. Clearly, Nu,d
are non-diagonal in general and consequently, the state R in Eq. (3.64) carries tree-level flavor
changing couplings which are very much constrained from the experiments. Following the def-
inition of Eq. (3.10), it can be shown that the pseudoscalar (A) also mediates tree-level flavor
changing processes :
L CP odd2HDM = −
iA
v
{
u¯
(
NuPR −N †uPL
)
u− d¯
(
NdPR −N †dPL
)
d
}
. (3.66)
For completeness, we record the general charged Higgs Yukawa interaction as follows :
L charged2HDM =
√
2H+1
v
u¯
[
V NdPR −N †uV PL
]
d+ h.c. , (3.67)
where, V = V †LUL is the CKM matrix.
3.2.2 Natural flavor conservation (NFC)
As prescribed by Glashow, Weinberg and Pascos, the tree-level Higgs mediated FCNC can be
avoided altogether if all the fermions of a particular charge get their masses from a single scalar
doublet. As the easiest example, if all the fermions couple to only Φ1 (say) then Γ2 = ∆2 = 0.
Consequently, from Eq. (3.65) one can easily see that Nu,d are diagonal and so there will be no
Higgs mediated FCNC. These arrangements are generally made by employing a Z2 symmetry
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under which Φ2 → −Φ2. Proper assignments of Z2 charges to the different fermions then dictate
which fermion couples to which doublet. To fix our convention, we shall always call Φ2 the
doublet which couples to the up-type quarks. Then, there are only two possibilities for the
quark sector – either Φ1 or Φ2 gives masses to the down-type quarks. For each possibility in
the quark sector, either Φ1 or Φ2 can give masses to the charged leptons making a total of
four variants of 2HDMs as mentioned in Sec. 1. However, in this review, we shall primarily
concentrate only on the phenomenology of the quark sector. In the following, we spell out the
relevant Yukawa interaction in the alignment limit for the two possibilities in the quark sector.
• Type-I and Lepton specific or X: In these cases Γ1 = ∆1 = 0. Consequently, the
Yukawa Lagrangian becomes
L IY = −
h
v
(
u¯Duu+ d¯Ddd
)
+
H
v
cotβ
(
u¯Duu+ d¯Ddd
)
+
iA
v
cotβ
(
u¯Duγ5u− d¯Ddγ5d
)
+
[√
2H+1
v
cotβ {u¯R (DuV ) dL − u¯L (V Dd) dR}+ h.c.
]
(3.68)
• Type-II and Flipped or Y: In these cases Γ2 = ∆1 = 0. Consequently, the Yukawa
Lagrangian becomes
L IIY = −
h
v
(
u¯Duu+ d¯Ddd
)
+
H
v
(
cotβu¯Duu− tanβd¯Ddd
)
+
iA
v
(
cotβu¯Duγ5u+ tanβd¯Ddγ5d
)
+
[√
2H+1
v
{cotβu¯R (DuV ) dL + tanβu¯L (V Dd) dR}+ h.c.
]
(3.69)
Flavor constraints on the NFC variants: Now we shall concentrate on the constraints on
the charged scalar mass (m1+), imposed by the measured values of b→ sγ branching ratio [59]
and neutral meson mass differences (∆M) [60]. Since we are concerned with the quark sector
only, the constraints will be the same for Type I and Type X models. The same is true for
Type II and Type Y models.
For the process b→ sγ, the major new physics contributions come from charged scalar loops. We
have added the new physics contribution to the SM one at the amplitude level and therefore have
taken the interference into account. The branching ratio is then compared with the experimental
value, (3.55 ± 0.26) × 10−4 [59], to obtain the allowed region at 95% C.L. in Fig. 3.7. As can
be seen from Eq. (3.69), for Type II and Y models, in the charged Higgs Yukawa interaction,
the up-type Yukawa coupling is multiplied by cotβ while the down-type Yukawa is multiplied
by tanβ. Their product is responsible for setting tanβ-independent limit m1+ > 320 GeV for
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Figure 3.7: Constraints on tanβ and the charged Higgs mass from unitarity and flavor physics.
The left panel corresponds to Type I and X and the right panel to Type II and Y scenarios. The
lower horizontal dark (purple) strip in both the panels corresponds to the direct search limit of
80 GeV [54]. The ligther shades represent allowed regions from individual flavor observables.
The scattered points are allowed from unitarity and stability for 2HDMs with exact Z2 symmetry.
The figures have been taken from [50].
tanβ > 1 [61, 62]. This feature has been depicted in the right panel of Fig. 3.7. In Type I and
X models, on the other hand, each of these couplings picks up a cotβ factor. This is why there
is essentially no bound on m1+ for tanβ > 1 in these models [61]. This character of Type I and
X models emerges from the left panel of Fig. 3.7.
The dominant new physics contributions to neutral meson mass differences come from the
charged scalar box diagrams. In Fig. 3.7, allowed regions have been shaded assuming that
the new physics contributions saturate the experimental values of ∆M [60]. Since the ampli-
tudes for the new box diagrams receive prevailing contributions from the up-type quark masses
which, for all four variants of 2HDMs, comes with a cotβ prefactor, the overall charged scalar
contribution to the amplitude goes as cot4 β due to the presence of four charged scalar vertices
in the box diagram. Not surprisingly, ∆M offers a stronger constraint than b→ sγ for tanβ < 1
because, in this region, the new physics amplitude for the latter goes as cot2 β.
Things become more interesting when the above flavor constraints are superimposed on top of
the constraints from unitarity and stability. Most stringent constraints are obtained when Z2
symmetry is exact in the scalar potential, i.e., λ5 = 0. In Fig. 3.7, the scattered points span the
region allowed by the combined constraints of unitarity and stability for the case of exact Z2
symmetry. Only those points which lie within the common shaded region survive when all the
constraints are imposed. For 2HDMs of all four types, one can read the bound on tanβ as
0.5 < tanβ < 8 . (3.70)
However, in order to allow a lighter charged scalar in the ballpark of 400 GeV or below, one must
require 1 < tanβ < 8. It should be remembered that, the lower bound on tanβ mainly comes
from the flavor data, whereas the upper limit, for the case of exact Z2 symmetry, is dictated by
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unitarity and stability. In the presence of a soft breaking parameter, the upper bound will be
lifted allowing tanβ to take much larger values at the expense of a strong correlation between
the soft breaking parameter and mH as depicted by Eq. (3.45).
3.2.3 An alternative to NFC – BGL models
In this subsection, we shall study a special category of 2HDM formulated by Branco, Grimus
and Lavoura [32], where tree level FCNC exists with appropriate suppression arising from the
elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. Unlike the general 2HDM with
tree level FCNC [63, 64], the BGL models introduce no new parameters in the Yukawa sector,
and therefore, are more predictive. In this scenario, instead of the discrete Z2 symmetry a global
U(1) symmetry acts on a particular generation i at a time, as follows:
S : QLi → eiθQLi , pRi → e2iθpRi , Φ2 → eiθΦ2 . (3.71)
Here QLi = (pLi , nLi)T is the left-handed quark doublet for the i-th generation (i = 1, 2, 3), while
pR denotes the up-type right-handed quark singlets, all in the weak basis. The scalar doublet Φ1
and the other quark fields remain unaffected by this transformation. For this particular choice
of the symmetry, there will be no FCNC in the up sector and the FCNC in the down sector will
be controlled by the i-th row of the CKM matrix. This will lead to three variants which will be
called u-, c- and t-type models according to i = 1, 2, and 3 respectively. The other three variants
can be obtained by replacing pR in Eq. (3.71) with nR (down-type singlet), as a result of which
there will be no FCNC in the down sector and the FCNC in the up sector will be controlled
by the i-th column of the CKM matrix. We will not consider the later scenario here primarily
because the FCNC in the up sector is less restrictive.
To understand the details of the BGL models, let us consider, as an example, the case when i = 3
in Eq. (3.71). As has been already asserted in the previous paragraph, the FCNC couplings, in
this particular example, will be controlled by the third row of the CKM matrix. To begin with,
one should realize that certain terms in the Yukawa Lagrangian of Eq. (3.52) (with n = 2) will
be forbidden when the BGL symmetry is imposed. In our case with i = 3, the following terms
will not remain invariant under the symmetry S:
QL3(Γ1)3AΦ1(nR)A , QL1(Γ2)1AΦ2(nR)A , QL2(Γ2)2AΦ2(nR)A , (3.72)
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where, ‘A’ represents the generation index and can take values 1, 2, 3. Consequently, the third
row of Γ1 and the first and second rows of Γ2 will be zero:
Γ1 =

X X X
X X X
0 0 0
 , Γ2 =

0 0 0
0 0 0
X X X
 . (3.73)
In a similar way, one can easily verify that the matrices ∆1 and ∆2 will assume the following
textures:
∆1 =

X X 0
X X 0
0 0 0
 , ∆2 =

0 0 0
0 0 0
0 0 X
 . (3.74)
Due to Eq. (3.74), the mass matrix, Mp (see Eq. (3.54)), in the up sector will be block diagonal
as follows:
Mp =

X X 0
X X 0
0 0 X
 . (3.75)
Consequently, the matrices which bi-diagonalize Mp will have the same block diagonal structure
as Mp:
VL =

X X 0
X X 0
0 0 X
 , VR =

X X 0
X X 0
0 0 X
 . (3.76)
At this point, it is important to realize that we are at liberty to choose
VL =

X X 0
X X 0
0 0 1
 , (3.77)
with the understanding that the phase of (Mp)33 can always be dumped into (VR)33. Denoting
the bi-diagonalizing matrices in the down sector by UL,R, we can see that the particular form of
VL, given by Eq. (3.77), has the following consequence on the CKM matrix:
V = V †LUL =

X X 0
X X 0
0 0 1


X X X
X X X
(UL)31 (UL)32 (UL)33
 (3.78a)
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⇒

X X X
X X X
Vtd Vts Vtb
 =

X X X
X X X
(UL)31 (UL)32 (UL)33
 . (3.78b)
This implies that the third row of the CKM matrix is identical to the third row of UL:
(UL)3A = VtA ≡ V3A , (3.79a)
⇒ (U †L)A3 = (UL)∗3A = V ∗3A . (3.79b)
Note that, Eq. (3.79) is a direct consequence of our choice i = 3 in Eq. (3.71). In general, for
FCNC in the down sector, the i-th row of UL should be identical with the i-th row of the CKM
matrix. To proceed further with our choice of i = 3, it is useful to define the following projection
matrix:
P =

0 0 0
0 0 0
0 0 1
 . (3.80)
Using Eq. (3.54) in conjunction with Eq. (3.73), we see that it is only Γ2 that contributes to the
third row of Mn, i.e.,
v2√
2
Γ2 = P ·Mn . (3.81)
We also note the following:
P · Γ1 = 0 , P · Γ2 = Γ2 , P ·∆1 = 0 , P ·∆2 = ∆2 . (3.82)
From Eq. (3.65) we recall that the matrices Nu,d actually control the FCNC couplings. The
non-diagonal part of Nd is given by
X = U †L ·
v2√
2
Γ2 · UR (3.83a)
= U †L · (P ·Mn) · UR [Using Eq. (3.81)] (3.83b)
= U †LPUL · U †LMnUR (3.83c)
= U †LPUL ·Dd . (3.83d)
Thus,
XAB =
∑
C
(
U †LPUL
)
AC
(Dd)CB (3.84a)
=
∑
C
(
U †LPUL
)
AC
mdB δCB = m
d
B
(
U †LPUL
)
AB
. (3.84b)
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But note that
U †L =

X X (UL)∗31
X X (UL)∗32
X X (UL)∗33
 , and, PUL =

0 0 0
0 0 0
(UL)31 (UL)32 (UL)33
 . (3.85)
Thus, (
U †LPUL
)
AB
= (UL)
∗
3A(UL)3B ≡ V ∗3AV3B , (3.86)
where, in the last step, we have used Eq. (3.79). Hence, we obtain
XAB = m
d
BV
∗
3AV3B . (3.87)
Substituting this into Eq. (3.65b) we get
(Nd)
t
AB = tanβ(Dd)AB − (tanβ + cotβ)XAB
= tanβ mdA δAB − (tanβ + cotβ)V ∗3AV3B mdB . (3.88)
To obtain a simplified form for N tu, we note, similar to Eq. (3.81), that
v2√
2
∆2 = P ·Mp . (3.89)
In a similar way, we can write the following for the non-diagonal part of N tu:
Y = V †L ·
v2√
2
∆2 · VR = V †LPVL ·Du . (3.90)
Because of the special form of VL in Eq. (3.77), we have
PVL =

0 0 0
0 0 0
0 0 1
 ⇒ V †LPVL =

0 0 0
0 0 0
0 0 1
 . (3.91)
Substituting this into Eq. (3.90), one can easily verify
Y = diag{0, 0, mt} . (3.92)
Plugging this into Eq. (3.65b) we get the final expression for N tu:
N tu = tanβ Du − (tanβ + cotβ)Y
= tanβ diag{mu, mc, 0} − cotβ diag{0, 0, mt} . (3.93)
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Since N tu is diagonal, there will be no Higgs mediated tree-level FCNC in the up sector and
from Eq. (3.88) one can see that the tree-level FCNC in the down sector is controlled by the
off-diagonal elements of the third row of the CKM matrix. Had we considered u- or c-type
models, the tree-level FCNC in the down sector would be controlled by the first or second row
of the CKM matrix respectively.
Constraints from flavor data: Here we will only consider the u-, c- and t-type BGL
scenarios where the tree-level FCNC exists in the down sector. To begin with, it might be useful
to rewrite the explicit expressions for the matrices that control the tree-level FCNC couplings
for these models. The matrices Nu and Nd, for the u-, c- and t-type models, have the following
form (the (i, j) indices in Nd refer to (d, s, b) quarks and the superscripts in bold font refer to
the model type):
Nuu = diag{−mu cotβ ,mc tanβ ,mt tanβ} , (3.94a)
(Nd)
u
ij = tanβ miδij − (tanβ + cotβ)V ∗uiVujmj , (3.94b)
Ncu = diag{mu tanβ ,−mc cotβ ,mt tanβ} , (3.94c)
(Nd)
c
ij = tanβ miδij − (tanβ + cotβ)V ∗ciVcjmj , (3.94d)
N tu = diag{mu tanβ ,mc tanβ ,−mt cotβ} , (3.94e)
(Nd)
t
ij = tanβ miδij − (tanβ + cotβ)V ∗tiVtjmj . (3.94f)
In the leptonic sector (with only left-handed neutrinos), the Yukawa couplings of Eqs. (3.66) and
(3.67) should be read with the replacement (Nu, Du)→ 0, V = 1, and Nd(Dd)→ Ne(De), with
Ne resembling the diagonal Nu matrices in Eq. (3.94) with appropriate replacement of quark
masses by the charged lepton masses. This means that there is no FCNC in the leptonic sector
when the neutrinos are considered to be massless. But if we assume the neutrinos to be massive,
then the tree-level FCNC in the leptonic sector will be controlled by the rows and columns of
the PMNS matrix.
The CP-odd scalar mass eigenstate A would be massless if the symmetry of Eq. (3.71) is exact
in the Higgs potential. Thus, in the ’t Hooft sense, a light pseudoscalar will be natural in these
models. While there are five free parameters in any BGL model, namely, α, β, m1+, mH , and
mA, we can make some reasonable simplifications. Considerations of perturbativity and stability
of scalar potential ensure that mA ∼ mH if tanβ ≥ 10 [55]. If mA and mH are large, we can
even bring down the tanβ limit further, say up to tanβ = 5. However, for the sake of simplicity
and economy of parameters, we will assume mH = mA for the remainder of this chapter unless
explicitly mentioned otherwise. Thus, in the alignment limit, i.e. sin(β − α) = 1, we are left
with only three unknown parameters: tanβ, m1+ and mH/A. It should be noted though that
consistency with the oblique T -parameter requires m1+ ∼ mH once we assume mH = mA [55].
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Neutral meson mixing: Neutral meson mass differences offer important constraints. The
tree-level scalar exchange contribution to the off-diagonal element of the 2 × 2 Hamiltonian
matrix is given by [32]
(MK12)
BGL ≈ 5
24
f2Km
3
K
v2
(V ∗idVis)
2 1
A2 , (3.95)
where mK is the neutral kaon mass and fK is the decay constant. Similar expressions exist for
Bd and Bs systems. The mass difference is given by ∆MK ≈ 2|MK12 |. The contributions of three
neutral scalars are contained in
1
A2 = (tanβ + cotβ)
2
(
cos2(β − α)
m2h
+
sin2(β − α)
m2H
− 1
m2A
)
= (tanβ + cotβ)2
(
1
m2H
− 1
m2A
)
. (3.96)
The last equality in Eq. (3.96) holds in the alignment limit. The size of the prefactors in
Eq. (3.95) tells us that mA = mH is very well motivated from the neutral kaon mass difference
for the u- and c-type models. For the t-type model, however, this degeneracy is more of an
assumption than a requirement especially for tanβ ∼ 1.
With the assumption mH = mA, the dominant contributions to neutral meson mass differences
come from the charged Higgs box diagrams. The expressions for the loop-induced amplitudes
are given explicitly in Appendix C. In Fig. 3.8, constraints have been placed assuming that the
new physics contributions saturate the experimental values of ∆M [65]. For tanβ > 1, ∆Md
and ∆Ms severely restrict the u- and c-type models, whereas the t-type model can admit a light
charged Higgs, at least for mH = mA. For large tanβ, ∆MK offers a stronger constraint than
b → sγ (discussed later) in the t-type model due to the dominance of the charm-induced box
graph.
b→ sγ: The process b→ sγ offers severe constraint on the charged Higgs mass [67, 68]. For
Type II and Y models, in the charged Higgs Yukawa interaction, the up-type Yukawa coupling
is multiplied by cotβ while the down-type Yukawa is multiplied by tanβ. Their product is
responsible for setting tanβ-independent limit m1+ > 300 GeV for tanβ > 1 [61, 62, 69]. In
Type I and X models, each of these couplings picks up a cotβ factor, which is why there is
essentially no bound on charged Higgs mass for tanβ > 1 in these models [61].
In the BGL class of models, the constraint on m1+ is different from that in Type I or Type X
2HDM (detailed expressions are displayed in Appendix C). This is because the BGL symmetry of
Eq. (3.71) does not respect family universality. For the i-type BGL model, the relevant Yukawa
couplings contain an overall factor of (− cotβ) for vertices involving the i-th generation up-type
fermion and a factor of tanβ for the others. Consequently, the top loop contribution to the
b→ sγ amplitude will grow as tan2 β for u- and c-type models resulting in very tight constraints
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Figure 3.8: Constraints from various observables for t- and c-(u-) type BGL models. In the
left panel (t-type), for large tanβ, ∆MK offers a stronger constraint than b→ sγ. The vertical
spiked shaded region in the extreme left also correspond to the entire disallowed region in Type
I and X models. In the right panel (c- or u-types), ∆Md and ∆Ms provide the most stringent
constraints. Note that an assumption mH = mA has been made to switch off the tree level
contribution to the neutral meson mass differences. The figures have been taken from [66].
Figure 3.9: Magnitude of the contributions to the effective Wilson coefficients C7L and C8L
for b→ sγ, coming from H+1 , H, and A, plotted against the corresponding masses. The middle
curve in each panel shows the magnitude of the individual scalar and pseudoscalar contributions;
they are too close to be differentiated in the shown scale. The lowest curve in each panel shows
the sum of H and A contributions for the case mH = mA, which shows that the scalar and
pseudoscalar contributions interfere destructively. C7R and C8R are suppressed by ms/mb and
are not shown here. The figures have been taken from [66].
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onm1+ for tanβ > 1. On the contrary, for t-type models, the top-loop contribution will decrease
with increasing tanβ and will hardly leave any effect for tanβ > 1, similar to what happens in
the Type I and X models. But unlike in the latter scenarios, the charm loop amplitude in t-type
BGL grows as tan2 β. It becomes numerically important for large tanβ and does not allow H+1
to be very light.
Taking the branching ratio Br(b → sγ)SM = (3.15± 0.23)× 10−4 [70–72] and Br(b → sγ)exp =
(3.55± 0.26)× 10−4 [59], these features of the BGL models have been displayed in Fig. 3.8. The
regions excluded at 95% CL from b→ sγ have been shaded and appropriately marked. Note that
we have considered not only the contributions from (H+1 , ui) loops, but also from (H/A, di) loops
(due to tree level FCNC couplings of H and A). The numerical effects of the latter are found to
be small; we refer the reader to Fig. 3.9, where separate contributions from the charged and the
neutral scalars to C7L and C8L are shown. The behavior can also be intuitively understood from
the following comparison of the dominant contributions from the charged and neutral scalar
induced loops to the b→ sγ amplitude. The ratio of H+1 and (H/A)-induced loop contributions
roughly goes like (m2c tan2 β/mbms) for large tanβ, and (m2t cot2 β/mbms) for tanβ of the order
of one. This justifies that the constraint from b → sγ essentially applies on the charged Higgs
mass. In other words, that H+1 can be really light does not crucially depend on the values of
mH and mA. From now on, we stick only to the t-type model to promote light charged Higgs
phenomenology.
Figure 3.10: The shaded region is
disallowed by Bs → µ+µ− at 95%
CL. Contours of enhancements in
Bs → τ+τ− over the SM estimate
are also shown.
Other constraints: For t-type model, the
branching ratios Br(B → D(∗)τν) and Br(B+ →
τν) do not receive any appreciable contributions un-
less the charged Higgs mass is unnaturally small
defying the LEP2 direct search limit of 80 GeV
[54]. The process Bs → `+`− proceeds at the
tree level mediated by H/A providing important
constraints. The amplitudes are proportional to
(tan2 β + 1)/m2H/A for ` = e, µ, and (cot
2 β +
1)/m2H/A for ` = τ . In Fig. 3.10 we have shaded
the region excluded at 95% CL, obtained by com-
paring the SM expectation of Br(Bs → µ+µ−) =
(3.65±0.23)×10−9 [73] with its experimental value
(3.2± 1.0)× 10−9 [74]. The details are provided in
Appendix C. In the same plot we display different
contours for Br(Bs → τ+τ−)/Br(Bs → τ+τ−)SM,
where we observe slight enhancement over the SM
expectation.
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Figure 3.11: Branching ratios of H and H+1 in Type I and Type II models as a function of
tanβ for mH = m1+ = 150 GeV in the alignment limit. The plots have been taken from [75].
3.3 Decay of the nonstandard Higgs bosons
In Type I model, the light charged Higgs goes to τν and cs (below the tb threshold), and the
branching ratios are independent of tanβ (see Fig. 3.11), because both the leptonic and the
quark couplings have the same cotβ prefactor [75, 76]. In Type X model, the leptonic part
has an overall tanβ multiplicative factor, so the charged Higgs preferentially decays into third
generation leptonic channels for large tanβ (e.g. almost entirely so for tanβ ≥ 2.5). In the
t-type BGL scenario, the charged Higgs branching ratios into two-body fermionic final states
have been plotted in Fig. 3.12. We have considered two benchmark values for m1+, one below
the tb threshold and the other well above it. To a good approximation it is enough to consider
fermionic final states, because in the alignment limit the W±hH∓1 coupling vanishes and if we
consider near degeneracy of m1+ and mH/A to satisfy the T -parameter constraint, then H+1
cannot decay into W+S0 (S0 = H,A) channel. Two noteworthy features which distinguish the
t-type BGL model from others are: (i) the µν final state dominates over τν for tanβ > 5, which
is a distinctive characteristic of t-type BGL model unlike any of the Type I, II, X or Y models
(due to family nonuniversal BGL Yukawa couplings); (ii) for tanβ > 10, the branching ratio
into cs significantly dominates over other channels including tb, again a unique feature of t-type
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Figure 3.12: The charged Higgs branching ratios to two-body final states for two benchmark
choices of m1+. The figures have been taken from [66].
BGL. The reason for the latter can be traced to the relative size of the top and charm quark
masses vis-à-vis the tanβ or cotβ prefactor. This will result in a dijet final state at the LHC,
without any b-jet, and hence the signal will be extremely difficult to be deciphered over the
standard QCD background.
We now discuss the decay branching ratios of the neutral scalar H. In the alignment limit HV V
(V = W,Z) coupling vanishes. Hence we discuss flavor diagonal ff final states (flavor violating
modes are CKM suppressed), together with γγ and gg final states. In conventional types of
2HDM, the bb and ττ final states dominate over cc and µµ channels, respectively [75]. Here,
the hierarchy is reversed, which transpires from the expressions of Nd and Nu in Eq. (3.94). To
provide an intuitive estimate of the signal strength, we define the following variable:
RX =
σ(pp→ H → X)
σ(pp→ h→ γγ) , (3.97)
where the normalization has been done with respect to the SM Higgs production and its diphoton
Figure 3.13: For various two-body final states, the R values, and the branching ratios of H.
The figures have been taken from [66].
decay branching ratio. We recall that the loop contributions of charged scalars to h → γγ is
tiny as long as mH/A ' m1+ [55]. The relative merits of various channels have been plotted in
Fig. 3.13. The crucial thing to observe is that although for tanβ > 5, H decays entirely into
dijet (cc), the µ+µ− mode may serve as a viable detection channel for H in future. With 20 fb−1
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luminosity at LHC8, the expected number of diphoton events from the SM Higgs decay is about
400. Fig. 3.13 shows that Rµµ ∼ 0.1, i.e. about 40 dimuon events from H decay should have
been observed. However, they are going to be swamped by huge background (mainly Drell-Yan,
also QCD jets faking dimuon) [77,78]. At LHC14 with an integrated luminosity of 300 fb−1, we
expect about 39000 h→ γγ events [79], which means about 3900 H → µµ events for mH = 150
GeV. Dimuon background studies at 14 TeV are not yet publicly available. A rough conservative
extrapolation of the existing 7 and 8 TeV studies of the dimuon background [77,78] gives us hope
that the signal can be deciphered over the background. Note that these are all crude estimates,
made mainly to get our experimental colleagues interested in probing such exotic decay modes.
A more careful study including, e.g. detection efficiencies and detailed background estimates, is
beyond the scope of this chapter. We emphasize that our scenario does not say that H,A or H+1
have to be necessarily light. If they are heavy as they are forced to be in many other 2HDMs
(∼ 500 GeV or more), their direct detection in early LHC14 would be that much difficult. The
feature that makes our scenario unique is the possibility of their relative lightness as well as
unconventional decay signatures.
3.4 Loop induced decays of the SM-like Higgs
Since we are working in the alignment limit, the couplings of h with the fermions and gauge
bosons will be exactly like in the SM. The production cross section of h will therefore be as
expected in the SM. All the tree level decay widths of h will also have the SM values for the
same reason. Loop induced decays like h → γγ and h → Zγ will however have additional
contributions from virtual charged scalars (H±1 ). Since the branching fractions of such decays
are tiny, the total decay width is hardly modified.
The contribution of the W -boson loop and the top loop diagrams to h → γγ and h → Zγ are
same as in the SM. As regards the charged scalar induced loop, we first parametrize the cubic
coupling ghH+1 H−1 in the following way:
ghH+1 H
−
1
= κ1
gm21+
MW
, (3.98)
where κ1 is dimensionless. The diphoton decay width is then given by [27,80]:
Γ(h→ γγ) = α
2g2
210pi3
m3h
M2W
∣∣∣FW + 4
3
Ft + κ1F1+
∣∣∣2 , (3.99)
where, introducing the notation
τx ≡ (2mx/mh)2 , (3.100)
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the values of FW , Ft and Fi+ are given by
FW = 2 + 3τW + 3τW (2− τW )f(τW ) , (3.101a)
Ft = −2τt
[
1 + (1− τt)f(τt)
]
, (3.101b)
Fi+ = −τi+
[
1− τi+f(τi+)
]
. (3.101c)
If we assume m1+ > 80 GeV to respect the direct search bound [54], then τx > 1 for x = W , t,
H±1 . In this limit
f(τ) =
[
sin−1
(√
1/τ
)]2
. (3.102)
The decay width for h→ Zγ can analogously be written as:
Γ(h→ Zγ) = α
2g2
29pi3
m3h
M2W
∣∣∣AW +At + κ1A1+∣∣∣2(1− M2Z
m2h
)3
, (3.103)
where, introducing
ηx = (2mx/MZ)
2 , (3.104)
the values of AW , At and Ai+ are given by [81]
AW = cot θw
[
4(tan2 θw − 3)I2(τW , ηW )
+
{(
5 +
2
τW
)
−
(
1 +
2
τW
)
tan2 θw
}
I1(τW , ηW )
]
, (3.105a)
At =
4
(
1
2 − 43 sin2 θw
)
sin θw cos θw
[
I2(τt, ηt)− I1(τt, ηt)
]
, (3.105b)
Ai+ =
(2 sin2 θw − 1)
sin θw cos θw
I1(τi+, ηi+) . (3.105c)
The functions I1 and I2 are given by
I1(τ, η) =
τη
2(τ − η) +
τ2η2
2(τ − η)2
[
f(τ)− f(η)
]
+
τ2η
(τ − η)2
[
g(τ)− g(η)
]
, (3.106a)
I2(τ, η) = − τη
2(τ − η)
[
f(τ)− f(η)
]
, (3.106b)
where the function f has been defined in Eq. (3.102). Since τx, ηx > 1 for x = W, t,H±1 , the
function g assumes the following form:
g(a) =
√
a− 1 sin−1
(√
1/a
)
. (3.107)
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Figure 3.14: (2HDMs with softly broken U(1) symmetry in the scalar potential.) The left
panels show allowed regions in m1+-µγγ plane for three values of tanβ, while the right panels
show correlation between µγγ and µZγ for the same choices of tanβ. The regions shown in red
are allowed by unitarity and stability, while the blue regions additionally pass the T -parameter
test. We put m1+ > 100GeV and mH > mh. These figures have been taken from [55].
In the alignment limit with softly broken U(1) symmetry, the parameter κ1 which appears in
Eqs. (3.98), (3.99) and (3.103) is given by
κ1 =
1
m21+
(m2A −m21+ −
1
2
m2h) . (3.108)
The appearance of mA in Eq. (3.108) is merely an artefact of the U(1) symmetry in the scalar
potential which enforces λ5 = λ6. In the more general potential of Eq. (3.3), the expression for κ1
involves λ5, which has nothing to do withmA. The decoupling behavior of κ1 for largem1+ is not
then guaranteed, as noted in Refs. [66,82]. Later we will see that such nondecoupling of charged
scalars are not unique to the 2HDMs. In fact, whenever we have a scalar potential invariant under
an exact discrete symmetry with multiple Higgs doublets, this kind of nondecoupling phenomena
are expected. However, in the present scenario, unitarity conditions bound the splitting between
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heavy scalar masses [55], ensuring smooth decoupling of κ1 with increasing m1+. As we have
noticed, this splitting is also controlled by the T -parameter.
In our case, the quantities µγγ and µZγ , defined through the equations
µγγ =
σ(pp→ h)
σSM(pp→ h) ·
BR(h→ γγ)
BRSM(h→ γγ) , (3.109)
µZγ =
σ(pp→ h)
σSM(pp→ h) ·
BR(h→ Zγ)
BRSM(h→ Zγ) , (3.110)
assume the following forms:
µγγ =
Γ(h→ γγ)
ΓSM(h→ γγ) =
∣∣∣FW + 43Ft + κ1F1+∣∣∣2∣∣∣FW + 43Ft∣∣∣2 , (3.111)
µZγ =
Γ(h→ Zγ)
ΓSM(h→ Zγ) =
∣∣∣AW +At + κ1A1+∣∣∣2∣∣∣AW +At∣∣∣2 . (3.112)
In Fig. 3.14, we show the variation of µγγ against m1+ and the correlation between µγγ and µZγ
for tanβ = 1, 5, 10. When we show the variation of µγγ with m1+, we take into consideration
all values of mH and mA which are allowed in Fig. 3.6. In case of Fig. 3.14, the red points
are those which are allowed by unitarity and stability constraints, while the superimposed blue
points are allowed by the T -parameter. The points allowed by unitarity prefer suppression in
µγγ compared to the SM expectation. The correlation between µγγ and µZγ can in principle be
used for discriminating new physics models with increased sensitivity in the future course of the
LHC run.
3.5 Conclusions
In the first part of this chapter, we have revisited the constraints from tree-unitarity and stability
in the context of 2HDMs. The observed scalar at LHC has been identified with the lightest CP-
even scalar of the model. The alignment limit has been imposed in view of the conformity of
the LHC Higgs data with the SM predictions. These are the new informations that became
available only after the Higgs discovery. If the Z2 symmetry is exact in the potential, it is found
that all the nonstandard masses are restricted below 1 TeV from unitarity with the upper limit
on mH being highly correlated to tanβ. The value of tanβ is also confined within the range
1/8 < tanβ < 8 from unitarity and stability. The constraints from flavor data severely restrict
the region with tanβ < 1. Therefore, for an exact Z2 symmetry, tanβ is bounded within a very
narrow range of 1 < tanβ < 8 when a light charged scalar with mass around 400 GeV is looked
for.
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In the presence of an appropriate soft breaking parameter the bounds on tanβ will be diluted.
However, for large values of tanβ, the unitarity and stability conditions will render a strong
correlation between the soft breaking parameter and mH as appears in Eq. (3.45). It is also
worth noting that the value of µγγ can play a crucial role in the presence of soft breaking. For
example, if µγγ is measured to be consistent with the SM expectation with 5% accuracy then
one can conclude m2H+ ≈ 1/2λ5v2 [51] for any value of tanβ. Thus, for large values of tanβ one
may expect m2H ≈ m2H+ ≈ 1/2λ5v2. We have also studied quantitative correlation among the
non-standard scalar masses in a class of 2HDM with a global U(1) symmetry in the potential. In
this context, we have observed that for values of tanβ ∼ 5 or larger, all the three non-standard
scalar masses are roughly degenerate. More specifically, in this limit unitarity dictates mH and
mA to be almost equal and |m21+−m2H | to be small, while the T -parameter restricts |m1+−mH |
to be very small. It is also important to note that, due to the global U(1) symmetry, unitarity
restricts mass-squared differences and not the individual masses of the non-standard scalars.
Later in this chapter, we have shown that BGL class of two-Higgs-doublet model admits charged
and additional neutral scalars which can be as light as∼ 150 GeV. They successfully negotiate the
stringent constraints from radiative b-decay, neutral meson mass differences, and dimuon decays
of B mesons. Special features of Yukawa couplings in this model lead to characteristic decay
signatures of the nonstandard scalars, which are different from the signatures of similar scalars
in other 2HDM variants. Preferential decays of both the charged and additional neutral scalars
into second, rather than the third, generation fermions for tanβ > 5 constitute the trademark
distinguishing feature of this scenario, which can be tested in the high luminosity option of the
LHC or at the ILC.
Symmetry is what we see at a glance; based on the fact that there is no
reason for any difference . . .
Blaise Pascal
4
Analysis of an extended scalar sector
with S3 symmetry
The newly observed boson at the Large Hadron Collider (LHC) [16, 17] fits very well to the
description of the Higgs scalar in the Standard Model (SM). The SM relies on the minimal
choice that a single Higgs doublet provides masses to all particles. But unexplained phenomena
like neutrino masses and existence dark matter motivate us to contemplate other avenues beyond
the SM (BSM). Majority of these BSM scenarios extend the SM Higgs sector predicting a richer
scalar spectrum. One of them − the S3 flavor model − stems from an effort to answer the
aesthetic question as to why there are precisely three fermion generations [83]. Keeping the
fermions in appropriate S3-multiplets, it is possible to reproduce all the measured parameters of
the CKM and PMNS matrices as well as make testable predictions for the unknown parameters of
the PMNS matrix [84–104]. But one needs at least three Higgs doublets to achieve this goal [86].
However, the S3 invariant scalar potential contains some new parameters which are difficult
to constrain phenomenologically. Although some lower bounds on the additional scalar masses
can be placed from the Higgs mediated flavor changing neutral current (FCNC) processes [105],
these bounds rely heavily on the Yukawa structure of the model. In this article we will present
some new bounds on the physical scalar masses which do not depend on the parameters of the
Yukawa sector. To achieve this, we will employ the prescription of tree unitarity which is known
to be able to set upper limits on different scalar masses [12]. Although various aspects of the S3
scalar potential have been discussed in the literature [106,107], to the best of our knowledge, this
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is the first attempt to derive the exact unitarity constraints on the quartic couplings in the S3
invariant three-Higgs-doublet model (S3HDM) scalar potential. We also identify an alignment
limit in the context of S3HDM where a CP-even Higgs with SM-like properties can be obtained.
Since the recent LHC Higgs data seem to increasingly leaned towards the SM expectations, our
numerical analysis will be restricted to this limit.
The chapter is organized as follows: in Section 4.1 we discuss the scalar potential and derive
necessary conditions for the potential to be bounded from below. In Section 4.2 we minimize
the potential and calculate the physical scalar masses. In this section we also figure out an
alignment limit in which one neutral CP-even physical scalar behaves exactly like the SM Higgs.
In Section 4.3 we derive the exact constraints arising from the considerations of tree level unitarity
and use them to constrain the nonstandard scalar masses. In Section 4.4 we quantitatively
investigate the effect of the charged scalar induced loops on h→ γγ and h→ Zγ signal strengths.
Finally, we summarize our findings in Section 4.5.
4.1 The scalar potential
S3 is the permutation group involving three objects, {Φa,Φb,Φc}. The three dimensional rep-
resentation of S3 is not an irreducible one simply because we can easily construct a linear
combination of the elements, Φa + Φb + Φc, which remains unaltered under the permutation of
the indices. We choose to decompose the three dimensional representation into a singlet and
doublet as follows:
1 : Φ3 =
1√
3
(Φa + Φb + Φc) , (4.1a)
2 :
(
Φ1
Φ2
)
=
 1√2(Φa − Φb)
1√
6
(Φa + Φb − 2Φc)
 . (4.1b)
The elements of S3 for this particular doublet representation are given by:(
cos θ sin θ
− sin θ cos θ
)
,
(
cos θ sin θ
sin θ − cos θ
)
, for
(
θ = 0,±2pi
3
)
. (4.2)
The most general renormalizable potential invariant under S3 can be written in terms of Φ3, Φ1
and Φ2 as follows [106–110]:
V (Φ) = V2(Φ) + V4(Φ) , (4.3a)
where, V2(Φ) = µ
2
1(Φ
†
1Φ1 + Φ
†
2Φ2) + µ
2
3Φ
†
3Φ3 , (4.3b)
V4(Φ) = λ1(Φ
†
1Φ1 + Φ
†
2Φ2)
2 + λ2(Φ
†
1Φ2 − Φ†2Φ1)2
+λ3
{
(Φ†1Φ2 + Φ
†
2Φ1)
2 + (Φ†1Φ1 − Φ†2Φ2)2
}
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+λ4
{
(Φ†3Φ1)(Φ
†
1Φ2 + Φ
†
2Φ1) + (Φ
†
3Φ2)(Φ
†
1Φ1 − Φ†2Φ2) + h.c.
}
+λ5(Φ
†
3Φ3)(Φ
†
1Φ1 + Φ
†
2Φ2) + λ6
{
(Φ†3Φ1)(Φ
†
1Φ3) + (Φ
†
3Φ2)(Φ
†
2Φ3)
}
+λ7
{
(Φ†3Φ1)(Φ
†
3Φ1) + (Φ
†
3Φ2)(Φ
†
3Φ2) + h.c.
}
+ λ8(Φ
†
3Φ3)
2 . (4.3c)
In general λ4 and λ7 can be complex, but we assume them to be real so that CP symmetry
is not broken explicitly. For the stability of the vacuum in the asymptotic limit we impose the
requirement that there should be no direction in the field space along which the potential becomes
infinitely negative. The necessary and sufficient conditions for this is well known in the context
of two Higgs-doublet models (2HDMs) [33]. For the potential of Eq. (4.3), a 2HDM equivalent
situation arise if one of the doublets is made identically zero. Then it is quite straightforward
to find the following necessary conditions for the global stability in the asymptotic limit:
λ1 > 0 , (4.4a)
λ8 > 0 , (4.4b)
λ1 + λ3 > 0 , (4.4c)
2λ1 + (λ3 − λ2) > |λ2 + λ3| , (4.4d)
λ5 + 2
√
λ8(λ1 + λ3) > 0 , (4.4e)
λ5 + λ6 + 2
√
λ8(λ1 + λ3) > 2|λ7| , (4.4f)
λ1 + λ3 + λ5 + λ6 + 2λ7 + λ8 > 2|λ4| . (4.4g)
To avoid confusion, we wish to mention that an equivalent doublet representation,(
χ1
χ2
)
=
1√
2
(
i 1
−i 1
)(
Φ1
Φ2
)
, (4.5)
has also been used in the literature. In terms of this new doublet, the quartic part of the scalar
potential is written as [111–113]:
V4 =
β1
2
(
χ†1χ1 + χ
†
2χ2
)2
+
β2
2
(
χ†1χ1 − χ†2χ2
)2
+ β3(χ
†
1χ2)(χ
†
2χ1) +
β4
2
(Φ†3Φ3)
2
+β5(Φ
†
3Φ3)(χ
†
1χ1 + χ
†
2χ2) + β6Φ
†
3(χ1χ
†
1 + χ2χ
†
2)Φ3 + β7
{
(Φ†3χ1)(Φ
†
3χ2) + h.c.
}
+β8
{
Φ†3(χ1χ
†
2χ1 + χ2χ
†
1χ2) + h.c.
}
. (4.6)
It is easy to verify that the parameters of Eq. (4.6) are related to the parameters of Eq. (4.3c)
in the following way:
β1 = 2λ1 ; β2 = −2λ2 ; β3 = 4λ3 ; β4 = 2λ8 ;
β5 = λ5 ; β6 = λ6 ; β7 = 2λ7 ; β8 = −
√
2λ4 . (4.7)
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This mapping can be used to translate the constraints on λs into constraints on βs. In this
chapter we choose to work with the parametrization of Eq. (4.3).
4.2 Physical eigenstates
We represent the scalar doublets in the following way:
Φk =
(
w+k
1√
2
(vk + hk + izk)
)
for k = 1, 2, 3 . (4.8)
We shall assume that CP symmetry is not spontaneously broken and so the vacuum expectation
values (vevs) are taken to be real. They also satisfy the usual vev relation: v =
√
v21 + v
2
2 + v
2
3 =
246 GeV. The minimization conditions for the scalar potential of Eq. (4.3) reads:
2µ21 = −2λ1(v21 + v22)− 2λ3(v21 + v22)− v3{6λ4v2 + (λ5 + λ6 + 2λ7)v3} , (4.9a)
2µ21 = −2λ1(v21 + v22)− 2λ3(v21 + v22)−
3v3
v2
λ4(v
2
1 − v22)− (λ5 + λ6 + 2λ7)v23 , (4.9b)
2µ23 = λ4
v2
v3
(v22 − 3v21)− (λ5 + λ6 + 2λ7)(v21 + v22)− 2λ8v23 . (4.9c)
For the self-consistency of Eqs. (4.9a) and (4.9b), two possible scenarios arise1:
λ4 = 0 , (4.10a)
or, v1 =
√
3v2 . (4.10b)
In the following subsections we shall discuss each of the above scenarios separately.
4.2.1 Case-I (λ4 = 0)
Since CP symmetry is assumed to be exact in the scalar potential, the neutral physical states
will be eigenstates of CP too. We find that the mass-squared matrices in the scalar(M2S),
pseudoscalar(M2P ) and charged(M
2
C) sectors are simultaneously block diagonalizable by the fol-
lowing matrix:
X =

cos γ − sin γ 0
sin γ cos γ 0
0 0 1
 with tan γ = v1v2 . (4.11)
1Another possibility, v3 = 0, while mathematically consistent, is unattractive. This is because, in some S3
structure of the Yukawa sector, the S3-singlet fermion generation will the remain massless.
Chapter 4. Analysis of an extended scalar sector with S3 symmetry 83
For the charged mass matrix, we obtain:
XM2CX
T =

m21+ 0 0
0 −12v23(λ6 + 2λ7) 12v3
√
v21 + v
2
2(λ6 + 2λ7)
0 12v3
√
v21 + v
2
2(λ6 + 2λ7) −12(v21 + v22)(λ6 + 2λ7)
 , (4.12)
where, one of the charged Higgs (H+1 ) with mass m1+ is defined as:
H+1 = cos γ w
+
1 − sin γ w+2 , (4.13a)
m21+ = −
{
2λ3 sin
2 β +
1
2
(λ6 + 2λ7) cos
2 β
}
v2 , (4.13b)
with, tanβ =
√
v21 + v
2
2
v3
. (4.13c)
The second charged Higgs (H+2 ) along with the massless Goldstone (ω
+), which will appear as
the longitudinal component of the W -boson, can be obtained by diagonalizing the remaining
2× 2 block:(
H+2
ω+
)
=
(
cosβ − sinβ
sinβ cosβ
)(
w′+2
w+3
)
with, w′+2 = sin γ w
+
1 + cos γ w
+
2 . (4.14)
The mass of the second charged Higgs is given by:
m22+ = −
1
2
(λ6 + 2λ7)v
2 . (4.15)
Similar considerations for the pseudoscalar part gives:
XM2PX
T =

1
2m
2
A1 0 0
0 −v23λ7 v3
√
v21 + v
2
2λ7
0 v3
√
v21 + v
2
2λ7 −(v21 + v22)λ7
 , (4.16)
where, the pseudoscalar state (A1) with mass eigenvalue mA1 is defined as:
A1 = cos γ z1 − sin γ z2 , (4.17a)
m2A1 = −2
{
(λ2 + λ3) sin
2 β + λ7 cos
2 β
}
v2 , (4.17b)
where, tanβ has already been defined in Eq. (4.13c). Similar to the charged part, here also the
second pseudoscalar (A2) along with the massless Goldstone (ζ) can be obtained as follows:(
A2
ζ
)
=
(
cosβ − sinβ
sinβ cosβ
)(
z′2
z3
)
with, z′2 = sin γ z1 + cos γ z2 , (4.18a)
and, m2A2 = −2λ7v2 . (4.18b)
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Finally, for the CP-even part we have:
XM2SX
T =

0 0 0
0 A′S −B′S
0 −B′S C ′S
 , (4.19a)
where, A′S = (λ1 + λ3)(v
2
1 + v
2
2) , (4.19b)
B′S = −
1
2
v3
√
v21 + v
2
2(λ5 + λ6 + 2λ7) , (4.19c)
C ′S = λ8v
2
3 . (4.19d)
The massless state (h0), as also noted in [114], is given by:
h0 = cos γ h1 − sin γ h2 . (4.20)
But we wish to add here that the appearance of a massless scalar is not surprising. One can
easily verify that the potential of Eq. (4.3) has the following SO(2) symmetry for λ4 = 0:(
Φ′1
Φ′2
)
=
(
cos θ − sin θ
sin θ cos θ
)(
Φ1
Φ2
)
(4.21)
Since SO(2) is a continuous symmetry isomorphic to U(1), a massless physical state is expected.
Other two physical scalars are obtained as follows:(
h
H
)
=
(
cosα − sinα
sinα cosα
)(
h′2
h3
)
with, h′2 = sin γ h1 + cos γ h2 , (4.22a)
and, tan 2α =
2B′S
A′S − C ′S
. (4.22b)
We assume H and h to be the heavier and lighter CP-even mass eigenstates respectively, with
the following eigenvalues:
m2H = (A
′
S + C
′
S) +
√
(A′S − C ′S)2 + 4B′2S , (4.23a)
m2h = (A
′
S + C
′
S)−
√
(A′S − C ′S)2 + 4B′2S . (4.23b)
At this stage, it is worth noting that we can define two intermediate scalar states, H0 and R, as(
R
H0
)
=
(
cosβ − sinβ
sinβ cosβ
)(
h′2
h3
)
, (4.24)
with the property that H0 has the exact SM couplings with the vector boson pairs and fermions.
H0 does not take part in the flavor changing processes as well. Of course, H0 and R are not the
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physical eigenstates in general but are related to them in the following way:
h = cos(β − α)R+ sin(β − α)H0 , (4.25a)
H = − sin(β − α)R+ cos(β − α)H0 . (4.25b)
In view of the fact that a 125 GeV scalar with SM-like properties has already been observed at
the LHC, we wish the lighter CP-even mass eigenstate (h) to coincide with H0. Then we must
require:
cos(β − α) ≈ 0 . (4.26)
In analogy with the 2HDM case [33], this limit can be taken as the alignment limit in the context
of a 3HDM with an S3 symmetry. We must emphasize though, the term ‘ alignment limit’ does
not necessarily imply the heaviness of the additional scalars. Considering Eqs. (4.20) and (4.24),
it is also interesting to note that the state h0, being orthogonal to H0, does not have any trilinear
h0V V (V = W ,Z) coupling. But, in general, it will have flavor changing coupling in the Yukawa
sector. This type of neutral massless state with flavor changing fermionic coupling will be ruled
out from the well measured values of neutral meson mass differences. This means that the choice
λ4 = 0 is phenomenologically unacceptable and we shall not pursue this scenario any further.
4.2.2 Case-II (v1 =
√
3v2)
This situation has recently been analyzed in [115]. We, however, use a convenient parametriza-
tion that can provide intuitive insight into the scenario and additionally, we also discuss the
possibility of a alignment limit in the same way as done in the previous subsection.
The definitions for the angles, γ and β, and the digonalizing matrix, X, remain the same as
before. Only difference is that, due to the vev alignment (v1 =
√
3v2), tan γ (=
√
3) and hence
X is determined completely. Now only two of the vevs, v2 and v3 (say), can be considered
independent and tanβ is given in terms of them as follows :
tanβ =
2v2
v3
. (4.27)
The charged and pseudoscalar mass eigenstates have the same form as before; only the mass
eigenvalues get modified due to the presence of λ4 :
m21+ = −
{
2λ3 sin
2 β +
5
2
λ4 sinβ cosβ +
1
2
(λ6 + 2λ7) cos
2 β
}
v2 , (4.28a)
m22+ = −
1
2
{λ4 tanβ + (λ6 + 2λ7)} v2 , (4.28b)
m2A1 = −
{
2(λ2 + λ3) sin
2 β +
5
2
λ4 sinβ cosβ + 2λ7 cos
2 β
}
v2 , (4.28c)
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m2A2 = −
(
1
2
λ4 tanβ + 2λ7
)
v2 . (4.28d)
In the presence of λ4, analysis of the scalar part will be slightly different :
XM2SX
T =

1
2m
2
h0 0 0
0 AS −BS
0 −BS CS
 , (4.29a)
where, AS = (λ1 + λ3)v
2 sin2 β +
3
4
λ4v
2 sinβ cosβ , (4.29b)
BS = −1
2
{
3
2
λ4 sin
2 β + (λ5 + λ6 + 2λ7) sinβ cosβ
}
v2 , (4.29c)
CS = −λ4
4
v2 sin2 β tanβ + λ8v
2 cos2 β . (4.29d)
The state, h0, will no longer be massless, in fact,
m2h0 = −
9
2
λ4v
2 sinβ cosβ . (4.30)
The angle α, which was used to rotate from (h′2, h3) basis to the physical (H, h) basis, should
be redefined as :
tan 2α =
2BS
AS − CS , (4.31)
and corresponding mass eigenvalues should have the following expressions :
m2H = (AS + CS) +
√
(AS − CS)2 + 4B2S , (4.32a)
m2h = (AS + CS)−
√
(AS − CS)2 + 4B2S . (4.32b)
The conclusion of the previous subsection that in the alignment limit, cos(β−α) = 0, h possesses
SM-like gauge and Yukawa couplings, still holds. It should be emphasized that the Yukawa
couplings of h in this limit, resembles that of the SM, do not depend on the transformation
properties of the fermions under S3. Also, the self couplings of h coincides with the corresponding
SM expressions in the alignment limit :
L selfh = −
m2h
2v
h3 − m
2
h
8v2
h4 . (4.33)
Similar to the case described in the previous subsection, h0 will not have any h0V V (V = W , Z)
couplings, but in the present scenario, we may identify a symmetry which forbids such couplings.
Note that, when the specified relation between v1 and v2 is taken, there exists a two dimensional
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Physical States Transformation under Z2
h0, H±1 , A1 Odd
H0, R, H±2 , A2 Even
Table 4.1: Z2 parity assignments to the physical mass eigenstates.
representation of Z2 : (
1 0
0 1
)
,
1
2
(
1
√
3√
3 −1
)
, (4.34)
which was initially a subgroup of the original S3 symmetry, remains intact even after the spon-
taneous symmetry breaking, i.e., the vacuum is invariant under this Z2 symmetry. This allows
us to assign a Z2 parity for different physical states and this should be conserved in the theory.
The state h0 is odd under this Z2 and this is what forbids it to couple with the V V pair. In
fact, using the assignments of Table 4.1, together with CP symmetry, many of the scalar self
couplings can be inferred to be zero.
In connection with the number of independent parameters in the Higgs potential, we note that
there were ten to start with (µ1,3 and λ1,2,...,8). µ1 and µ3 can be traded for v2 and v3 or,
equivalently for v and tanβ. The remaining eight λs can be traded for seven physical Higgs
masses and α. The connections are given below :
λ1 =
1
2v2 sin2 β
{(
m2h cos
2 α+m2H sin
2 α
)
+
(
m21+ −m22+ cos2 β −
1
9
m2h0
)}
, (4.35a)
λ2 =
1
2v2 sin2 β
{
(m21+ −m2A1)− (m22+ −m2A2) cos2 β
}
, (4.35b)
λ3 =
1
2v2 sin2 β
(
4
9
m2h0 +m
2
2+ cos
2 β −m21+
)
, (4.35c)
λ4 = −2
9
m2h0
v2
1
sinβ cosβ
, (4.35d)
λ5 =
1
v2
{
sinα cosα
sinβ cosβ
(
m2H −m2h
)
+ 2m22+ +
1
9
m2h0
cos2 β
}
, (4.35e)
λ6 =
1
v2
(
1
9
m2h0
cos2 β
+m2A2 − 2m22+
)
, (4.35f)
λ7 =
1
2v2
(
1
9
m2h0
cos2 β
−m2A2
)
, (4.35g)
λ8 =
1
2v2 cos2 β
{(
m2h sin
2 α+m2H cos
2 α
)− 1
9
m2h0 tan
2 β
}
. (4.35h)
In passing, we wish to state that for the analysis purpose we will always be working in the
alignment limit with v1 =
√
3v2.
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log10(tanβ) →
log10(tanβ) →
Figure 4.1: (Case-II) Regions allowed from unitarity and stability. We have fixed mh at 125
GeV and taken m1+, m2+ > 80GeV and mH ,mh0 > mh.
4.3 Constraints from unitarity
In this context, the pioneering work has been done by Lee, Quigg and Thacker (LQT) [12]. They
have analyzed several two body scatterings involving longitudinal gauge bosons and physical
Higgs in the SM. All such scattering amplitudes are proportional to Higgs quartic coupling in
the high energy limit. The ` = 0 partial wave amplitude (a0) is then extracted from these
amplitudes and cast in the form of an S-matrix having different two-body states as rows and
columns. The largest eigenvalue of this matrix is bounded by the unitarity constraint, |a0| < 1.
This restricts the quartic Higgs self coupling and therefore the Higgs mass to a maximum value.
The procedure has been extended to the case of a 2HDM scalar potential [44–47]. We take it one
step further and apply it in the context of 3HDMs. Here also same types of two body scattering
channels are considered. Thanks to the equivalence theorem [48, 49], we can use unphysical
Higgses instead of actual longitudinal components of the gauge bosons when considering the
high energy limit. So, we can use the Goldstone-Higgs potential of Eq. (4.3) for this analysis.
Still it will be a much involved calculation. But we notice that the diagrams containing trilinear
vertices will be suppressed by a factor of E2 coming from the intermediate propagator. Thus
they do not contribute at high energies, – only the quartic couplings contribute. Clearly the
physical Higgs masses that could come from the propagators, do not enter this analysis. Since
we are interested only in the eigenvalues of the S-matrix, this allows us to work with the original
fields of Eq. (4.3c) instead of the physical mass eigenstates. After an inspection of all the neutral
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and charged two-body channels, we find the following eigenvalues to be bounded from unitarity:
|a±i |, |bi| ≤ 16pi, for i = 1, 2, . . . , 6 . (4.36)
The expressions for the individual eigenvalues in terms of λs are given below:
a±1 =
(
λ1 − λ2 + λ5 + λ6
2
)
±
√(
λ1 − λ2 + λ5 + λ6
2
)2
− 4
{
(λ1 − λ2)
(
λ5 + λ6
2
)
− λ24
}
, (4.37a)
a±2 = (λ1 + λ2 + 2λ3 + λ8)±
√
(λ1 + λ2 + 2λ3 + λ8)
2 − 4 {λ8(λ1 + λ2 + 2λ3)− 2λ27} , (4.37b)
a±3 = (λ1 − λ2 + 2λ3 + λ8)±
√
(λ1 − λ2 + 2λ3 + λ8)2 − 4
{
λ8(λ1 − λ2 + 2λ3)− λ
2
6
2
}
, (4.37c)
a±4 =
(
λ1 + λ2 +
λ5
2
+ λ7
)
±
√(
λ1 + λ2 +
λ5
2
+ λ7
)2
− 4
{
(λ1 + λ2)
(
λ5
2
+ λ7
)
− λ24
}
, (4.37d)
a±5 = (5λ1 − λ2 + 2λ3 + 3λ8)
±
√
(5λ1 − λ2 + 2λ3 + 3λ8)2 − 4
{
3λ8(5λ1 − λ2 + 2λ3)− 1
2
(2λ5 + λ6)2
}
, (4.37e)
a±6 =
(
λ1 + λ2 + 4λ3 +
λ5
2
+ λ6 + 3λ7
)
±
√(
λ1 + λ2 + 4λ3 +
λ5
2
+ λ6 + 3λ7
)2
− 4
{
(λ1 + λ2 + 4λ3)
(
λ5
2
+ λ6 + 3λ7
)
− 9λ24
}
, (4.37f)
b1 = λ5 + 2λ6 − 6λ7 , (4.37g)
b2 = λ5 − 2λ7 , (4.37h)
b3 = 2(λ1 − 5λ2 − 2λ3) , (4.37i)
b4 = 2(λ1 − λ2 − 2λ3) , (4.37j)
b5 = 2(λ1 + λ2 − 2λ3) , (4.37k)
b6 = λ5 − λ6 . (4.37l)
In passing, we remark that the perturbativity criteria, |λi| < 4pi, coming from the requirement
that the leading order contribution to the physical amplitude must have higher magnitude than
the subleading order, may have some ambiguity in this context. This is due to the fact the
individual λs do not appear in the quartic couplings involving the physical scalars. Hence the
combination of λs, that constitute the physical couplings, should be used for this purpose and
it does not necessarily imply that the individual λs should be bounded. We have presented here
the exact constraints on λs which should be satisfied for unitarity not to be violated.
Eqs. (4.4) and (4.37) can be used to put limits on the physical Higgs masses. For this purpose,
we work in the alignment limit taking the lightest scalar (h) to be the SM-like Higgs that
has been found at the LHC and we set its mass at 125 GeV. We also assume the charged
scalars (m1+ and m2+) to be heavier than 80 GeV to respect the direct search bound from
LEP2 [54]. To collect sufficient number of data points we have generated fifty million random
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Figure 4.2: Signal strengths for diphoton and Z-photon decay modes within the allowed range
for charged Higgs masses.
sets of {tanβ, mh0, mH , mA1, mA2, m1+, m2+} by varying tanβ from 0.1 to 100 and filter
them through the combined constraints from unitarity and stability. The sets that survive the
filtering are plotted in Figure 4.1. The bounds that follow from these figures are listed below:
• tanβ ∈ [0.3, 17],
• mh0 < 870 GeV, mH < 880 GeV, mA1 < 940 GeV, mA2 < 910 GeV, m1+ < 940, m2+ <
910 GeV.
It is interesting to note that if the observed scalar at the LHC has its root in the S3HDM, then
there must be several other nonstandard scalars with masses below 1 TeV.
4.4 Impact on loop induced Higgs decays
Similar to the 2HDM case, to display the contribution of the charged scalar loops to the decay
amplitudes in a convenient form, we define dimensionless parameters, κi (i = 1, 2), in the
following way:
ghH+i H
−
i
= κi
gm2i+
MW
. (4.38)
Following this definition in analogy with the 2HDM case, we can write the diphoton and Z-
photon signal strengths in the alignment limit as follows:
µγγ =
Γ(h→ γγ)
ΓSM(h→ γγ) =
∣∣∣FW + 43Ft +∑2i=1 κiFi+∣∣∣2∣∣∣FW + 43Ft∣∣∣2 , (4.39)
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µZγ =
Γ(h→ Zγ)
ΓSM(h→ Zγ) =
∣∣∣AW +At +∑2i=1 κiAi+∣∣∣2∣∣∣AW +At∣∣∣2 , (4.40)
where the expressions for the quantities Fx and Ax already appear in Eqs. (3.101) and (3.105).
In the alignment limit, the parameters κi (i = 1, 2), which appear in Eq. (4.38) are given by,
κi = −
(
1 +
m2h
2m2i+
)
. (4.41)
As the charged Higgs becomes heavy, the quantity Fi+, for example, saturates to 13 . So the
decoupling of charged Higgs from loop induced Higgs decay depends on how κi behaves with
increasing mi+. It follows from Eq. (4.41) that κi → −1 if mi+  mh. Consequently, the
charged Higgs never decouples from the diphoton or Z-photon decay amplitudes. In fact, it
reduces the decay widths from their corresponding SM expectations. These features have been
displayed in Figure 4.2 where we have made a contour plot by varying the charged Higgs masses
within the allowed ranges coming from unitarity and vacuum stability. We find that µγγ and
µZγ should lie within [0.42, 0.80] and [0.73, 0.93] for m1+ ∈ [80, 950] and m2+ ∈ [80, 950]. We
must admit though, this nondecoupling of charged scalar is not a unique feature of a S3HDM
as it is also known to be present in the context of a 2HDMs [55, 82, 116, 117]. Currently both
the ATLAS and CMS data shows agreement with the SM expectations [40, 41]. Thus a precise
measurement of the diphoton and Z-photon signal strengths can pin down the difference between
the SM Higgs and a SM-like Higgs arising from an extended scalar sector.
4.5 Conclusions
In this chapter the scalar sector of an S3HDM has been analyzed in detail. The major findings
are listed below:
• The minimization of the scalar potential leads to a specific relation between the vevs of
the first two doublets, v1 =
√
3v2 in particular.
• In this limit we find a Z2 subgroup of S3 that remains unbroken even after the sponta-
neous symmetry breaking. The different scalar mass eigenstates can then be assigned with
appropriate Z2 parity which can help us understand why certain couplings do not appear
in the theory.
• Additionally, we have identified a alignment limit for this model where the lightest CP-even
scalar has the exact same coupling as the SM Higgs with the other SM particles.
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• We have also derived the exact tree unitarity constraints and exploited them, in the de-
coupling limit, to put new bounds on the physical nonstandard Higgs masses, which we
consider to be an important development in the multi-Higgs context.
• From unitarity and stability tanβ is likely to be in the range [0.3,17] and all the nonstan-
dard Higgs masses lie below 1 TeV.
• Regarding the decay of the SM-like S3 Higgs, we have observed that the charged Higgs
never decouples from the diphoton or Z-photon decay modes. The additional contributions
from the charged Higgs loops to the decay amplitudes actually reduces the signal strengths
of these modes. Although this depletion may not be a unique property of this scenario, but
any statistically significant enhancement in h → γγ and/or h → Zγ modes will certainly
disfavor the possibility of an SM-like Higgs arising from an S3HDM.
I dwell in possibility . . .
Emily Dickinson
5
The Higgs or a Higgs?
Will the LHC be able to decipher?
The behavior of the scalar boson observed at the CERN LHC is tantalizingly close to that of the
SM Higgs boson. A very timely and relevant question is whether this scalar is the only one of its
type as predicted by the SM, or it is the first to have been discovered in a family of more such
species arising from an underlying extended scalar sector. A natural extension of the SM scalar
structure is realized by adding more SU(2) scalar doublets, which we consider in this chapter.
There are two advantages for choosing doublets. First, the ρ-parameter remains unity at tree
level. Second, it is straightforward to find a combination, namely,
h =
1
v
n∑
i=1
vihi , with v
2 =
n∑
i=1
v2i = (246 GeV)
2 , (5.1)
(vi is the vev of the i-th doublet and hi is the corresponding real scalar field), which has SM-
like couplings with fermions and gauge bosons. This is not in general a mass eigenstate. But
when we demand that this is indeed the physical state observed at the LHC with a mass mh ≈
125 GeV, we are automatically led to the so called alignment limit. This limit is motivated
by the LHC data on the Higgs boson signal strengths in different channels which are showing
increasing affinity towards the SM predictions. In this chapter we pay specific attention to the
h → γγ process. Though this process is loop driven and has a small branching ratio, it played
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an important role in the Higgs discovery. Importantly, this branching ratio is expected to be
measured in LHC-14 with much greater accuracy. Now, additional SU(2) scalar doublets would
bring in additional states, both charged and neutral, in the spectrum. Here our primary concern
is how those charged scalars couple to h and how much they contribute to the h → γγ rate as
virtual states in loops. This leads to the observation that even when the masses of the charged
scalars floating in the loop are taken to very large values, they do not necessarily decouple
from this process. Deciphering the underlying reasons behind this constitutes the motive of this
chapter. Although this has been noted in the past in the context of 2HDMs, only some cursory
remarks were made on it without exploring its full implications [55,82,116–119]. We investigate
the rôle of symmetries which are imposed on the scalar potential in figuring out under what
conditions the decoupling of heavy charged scalars in the h→ γγ loop takes place. The upshot
is that if the potential has an exact Z2 symmetry and both the scalars receive vevs, which is
the case for a large class of 2HDM scenarios [29], the contribution of the charged scalar does
not decouple. If Z2 is softly broken by a term in the potential then decoupling can be achieved
at the expense of tuning of parameters. On the other hand, a global U(1) symmetry followed
by its soft breaking can ensure decoupling. For simplicity, we first demonstrate this behavior in
the context of 2HDM. We then address the same question, for the first time, in the context of
3HDMs. It is not difficult to foresee what happens if we add more doublets, which leads us to
draw an important conclusion: unless decoupling is ensured, e.g. as we did by imposing a global
U(1) symmetry in the 2HDM potential, precision measurements of h→ γγ branching ratio can
put constraints on the number of additional non-inert scalar doublets regardless of how heavy
the charged scalars are. It should be recalled that only lower bounds on charged scalar masses
have been placed from processes like b → sγ, as the effects decouple when their masses are
heavy for all such flavor observables. Thus, precision measurements of h → γγ would provide
complementary information. Incidentally, whatever we comment on h→ γγ applies for h→ Zγ
as well at least on a qualitative level.
It has already been emphasized in the preceding chapters that in multi doublet scalar models,
the production cross section as well as the tree-level decay widths of the Higgs boson remain
unaltered from their respective SM expectations in the alignment limit. Only the loop induced
decay modes like h → γγ and h → Zγ will pick up additional contributions induced by virtual
charged scalars. However, the branching ratios into these channels are too tiny compared to other
dominant modes. As a result, the total Higgs decay width will be hardly modified. Considering
all these, the expression for the diphoton signal strength is simplified to
µγγ ≡ σ(pp→ h)
σSM(pp→ h) ·
BR(h→ γγ)
BRSM(h→ γγ) =
Γ(h→ γγ)
ΓSM(h→ γγ) . (5.2)
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For convenience, we parametrize again the coupling of h to the charged scalars in the following
generic way:
ghH+i H
−
i
= κi
gm2i+
MW
, (5.3)
where mi+ is the mass of the i-th charged scalar (H±i ). As we will see later, the decoupling or
nondecoupling behavior of the i-th charged scalar from µγγ is encoded in κi. The expression of
the Higgs to diphoton signal strength will be given by
µγγ =
∣∣∣FW + 43Ft +∑i κiFi+∣∣∣2∣∣∣FW + 43Ft∣∣∣2 , (5.4)
where the expressions for Fx appear in Eq. (3.101). In the limit the charged scalar is very heavy,
the quantity Fi+ saturates to 1/3. If κi also saturates to some finite value in that limit then
the charged scalar would not decouple from the h → γγ loop. Then no matter how heavy the
charged scalar is, µγγ will differ from its SM value. If the experimental value of µγγ eventually
settles on very close to the SM prediction then such nondecoupling scenarios will be disfavored.
The decoupling would happen only if κi falls with increasing charged scalar mass. In what
follows, we will illustrate these features by considering some popular doublet extensions of the
SM scalar sector.
5.1 Two Higgs-doublet models
The 2HDM potential has been discussed in detail in Chapter 3. Here we will briefly highlight
the main conclusions in the context of h → γγ. First, it is important to note that the charged
scalar contribution to µγγ is controlled by (putting i = 1 in κi) [55, 82,116,117,120]
κ1 = − 1
m21+
(
m21+ +
m2h
2
− λ5v
2
2
)
. (5.5)
Clearly, κ1 saturates to −1 as the charged scalar becomes excessively heavy. Decoupling can
be achieved by tuning m21+ ' λ5v2/2 [33]. Recalling our counting of independent parameters,
any adjustment between the charged scalar mass and λ5 is nothing short of fine-tuning. On the
other hand, if the Z2 symmetry in the scalar potential is exact, i.e. λ5 = 0, then the charged
scalar will never decouple and will cause µγγ to settle below its SM prediction. In Fig. 5.1 we
have plotted the allowed range of κ1 in 2HDM from the present LHC data as well as from an
anticipation of future sensitivity.
An interesting possibility arises when we employ a U(1) symmetry, instead of the usual Z2
symmetry, in the potential. The choice λ5 = λ6 will ensure U(1) symmetry in the quartic terms.
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Figure 5.1: In the left panel (a) we display the constraints on κ1 in 2HDM coming from the
measured values of µγγ at 95% C.L. by the CMS (1.14+0.26−0.23 [52]) and ATLAS (1.17± 0.27 [53])
Collaborations. In the right panel (b) we show what would be the 95% C.L. allowed range of κ1
if µγγ is hypothetically measured to be as 1 ± 0.1(0.05) in future colliders. In both panels we
have plotted Eq. (5.5) for two different values of λ5. The figures have been taken from [51].
The bilinear term involving λ5 still breaks the U(1) symmetry softly. Then the mass of the
pseudoscalar gets related to the soft breaking parameter λ5 as m2A = λ5v
2/2. In this case, the
expression for κ1 reads [55]:
κ1 = − 1
m21+
(
m21+ −m2A +
m2h
2
)
. (5.6)
In the paper [55], a detailed analysis on the unitarity and stability constraints on various com-
bination of λi couplings when the 2HDM scalar potential has a softly broken U(1) symmetry
has been provided. We cite some of them here to demonstrate ‘decoupling’ for large individual
quartic couplings, as what is constrained from unitarity is only their differences in certain com-
binations. For example, (2λ3 + λ4) ≤ 16pi implies (2m21+ − m2H − m2A + m2h) ≤ 16piv2. Also,
(λ1 +λ2 + 2λ3) ≤ 16pi/3 implies (m2H −m2A)(tan2 β+ cot2 β) + 2m2h ≤ 32piv2/3. These relations,
together with |m1+ −mH |  (m1+,mH) arising from the electroweak T parameter, restrict the
splitting between the charged scalar and the pseudoscalar mass (|m21+ − m2A|). As displayed
through more such relations among quartic couplings and the associated plots in the plane of
non-SM scalar masses in [55], the individual scalar masses can become very large without vio-
lating unitarity as long as their mass-square differences are within certain limits. Consequently,
the numerator in Eq. (5.6) cannot grow indefinitely with increasing m1+. Thus κ1 becomes
very small in that limit and µγγ reaches the SM predicted value. The key issue is that the Z2
symmetry breaking λ5 term was not related to the mass of any particle in the spectrum, and
hence its adjustment vis-à-vis the charged scalar mass was nothing short of fine-tuning. Now,
the global U(1) breaking λ5 is related to the pseudoscalar mass whose splitting with the charged
scalar mass is restricted from unitarity.
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5.1.1 Underlying dynamics behind decoupling
We now discuss the underlying reason behind decoupling or nondecoupling of nonstandard scalars
from physical processes in the 2HDM context. The conclusion is equally applicable for nHDM
where n > 2. We first recall the 2HDM potential in Eqs. (3.2) and (3.3). The parametrization of
Eq. (3.2) does not a priori assume, unlike the one in Eq. (3.3), that Φ1 or Φ2 necessarily acquires
any vev. In this parametrization, in the limit when the dimensionless couplings β2 = β3 = β4 =
β5 = 0, the mass mixing parameter m212 = 0 the second Higgs doublet Φ2 does not acquire any
vev, and the SM scalar potential is recovered with the relation v2 = v21 = −m211/β1. This is one
special case of the more general inert doublet scenario with a perfectly Z2 symmetric potential,
in which all the nonstandard scalars decouple from physical processes when the parameter m222
controlling their masses is taken to infinitely large value. Note that m222, in this case, does
not have its origin in spontaneous symmetry breaking (SSB), and this is why its large value
could ensure decoupling. But when both the doublets receive vevs, one can trade the two
parameters m211 and m222 in favor of v1 and v2. Then the magnitude of the third parameter m212,
or equivalently λ5, has nothing to do with SSB, and this parameter provides the regulator whose
large value ensures decoupling of all nonstandard scalars from physical processes. However, while
employing m212 (or equivalently λ5 in our parametrization) for decoupling, one cannot escape
from some tuning of parameters for softly broken Z2 as explained around Eq. (5.5), but no
such tuning is required for softly broken U(1) (discussed before). Nondecoupling would result
when the symmetry of the potential is exact (m212 = 0), and at the same time, both the scalars
receive vevs (which implies λ5 = 0). In this case all the non-SM physical scalar masses would be
proportional to the electroweak vev, and there is no independent mass-dimensional parameter
which has non-SSB origin. As illustrated in the inert doublet case, even with exactly symmetric
potential, decoupling is achieved in 2HDM.
To provide further intuition into the argument of decoupling and its close connection to the
existence of some non-SSB origin parameter, let us consider the following analogy. It is well
known that the top quark in the SM does not decouple from h → γγ. This is because the top
quark receives all its mass from SSB and increasing the its mass will invariably imply enhancing
the Yukawa coupling (ht). Now suppose that the top quark receives part of its mass (M) from
some non-SSB origin, i.e. mt = htv +M . Then the top-loop contribution will yield a prefactor
htv/(htv + M). In this case, by taking M → ∞, the top quark contribution can be made to
decouple from the diphoton decay width of the Higgs boson.
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5.2 Three-Higgs-doublet models
S3 or A4 symmetric flavor models are typical examples which employ three Higgs doublets. With
Φ1, Φ2 and Φ3 as the three scalar SU(2) doublets, the scalar potential for the S3 symmetric has
been already written in Eq. (4.3) (see e.g. [115,121], and also references therein for flavor physics
discussions both when the S3 symmetry is exact as well as when it is softly broken). Assuming
the lambdas to be real, potential minimization conditions attribute a relation between two of
the three vevs (v1 =
√
3v2). Using this relation, an alignment limit can be obtained for this
model also [121].
Now we write the potential satisfying A4 symmetry (see e.g. [122]),
V A43HDM = −µ2
(
Φ†1Φ1 + Φ
†
2Φ2 + Φ
†
3Φ3
)
+ λ1
(
Φ†1Φ1 + Φ
†
2Φ2 + Φ
†
3Φ3
)2
+λ2
(
Φ†1Φ1Φ
†
2Φ2 + Φ
†
2Φ2Φ
†
3Φ3 + Φ
†
3Φ3Φ
†
1Φ1
)
+λ3
(
Φ†1Φ2Φ
†
2Φ1 + Φ
†
2Φ3Φ
†
3Φ2 + Φ
†
3Φ1Φ
†
1Φ3
)
+λ4
[
ei
{(
Φ†1Φ2
)2
+
(
Φ†2Φ3
)2
+
(
Φ†3Φ1
)2}
+ h.c.
]
. (5.7)
In one plausible scenario, the minimization conditions require that all the three vevs are equal
[123]. This particular choice automatically yields a SM-like Higgs as well as two pairs of complex
neutral states with mixed CP properties. Note that for  = 0 in Eq. (5.7), the symmetry of the
potential is enhanced to S4. However, our conclusions do not depend on the value of .
Thus, a 3HDM can provide an SM-like Higgs along with two pairs of charged scalars, as exem-
plified with S3 and A4 scenarios. After expressing the lambdas in terms of the physical masses,
we obtain the following expressions for κi (i = 1, 2) in the alignment limit, which are the same
for both S3 and A4:
κi = −
(
1 +
m2h
2m2i+
)
for i = 1, 2 . (5.8)
Clearly, the charged scalars do not decouple from the diphoton decay width, since κi settles to
−1 when mi+ is very large compared to mh. Note, both the charged scalars contribute in the
same direction to reduce µγγ .
Now we turn our attention to the case of a global continuous symmetry in 3HDM potential. For
illustration, we consider that the symmetry is SO(2) under which Φ1 and Φ2 form a doublet.
The expression for the scalar potential is similar to Eq. (4.3), only that now λ4 = 0 and the
potential contains an additional bilinear term (−µ212Φ†1Φ2 + h.c.). The real part of µ212 softly
breaks the SO(2) symmetry and prevents the occurrence of any massless scalar in the theory. In
any case, we assume µ212 to be real just like any other parameters in the potential. The relevant
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Model Expression for κi prediction µγγ prediction µZγ Decoupling?
Softly broken Z2 −
(
1 +
m2h
2m21+
− λ5v2
2m21+
)
Depends on λ5 Depends on λ5 Possible
2HDM Exact Z2 −
(
1 +
m2h
2m21+
)
≤ 0.9 ≤ 0.96 No
Softly broken U(1) −
(
1 +
m2h
2m21+
− m
2
A
m21+
)
Depends on mA Depends on mA Yes
Exact S3 −
(
1 +
m2h
2m2i+
)
for i = 1, 2 ≤ 0.8 ≤ 0.93 No
3HDM Exact A4 −
(
1 +
m2h
2m2i+
)
for i = 1, 2 ≤ 0.8 ≤ 0.93 No
Softly broken SO(2)
κ1 = −
(
1 +
m2h
2m21+
− m
2
h′
m21+
)
κ2 = −
(
1 +
m2h
2m22+
) Depends on mh′ Depends on mh′ Partial
Table 5.1: Behavior of 2HDM and 3HDM scenarios in the alignment limit strictly when all
the doublets receive vevs. In the case of exact discrete symmetries, every charged scalar pair
reduces µγγ approximately by 0.1. Although explicit expression for µZγ is not shown in text, its
predictions in different scenarios are displayed. In the last column where we say ‘Possible’, we
mean that decoupling can be achieved with some tuning, while in the last row ‘Partial’ implies
that only the first charged scalar decouples.
minimization conditions are given by
v1µ
2
1 + v2µ
2
12 = v1(v
2
1 + v
2
2)(λ1 + λ3) +
1
2
v1v
2
3(λ5 + λ6 + 2λ7) , (5.9a)
v2µ
2
1 + v1µ
2
12 = v2(v
2
1 + v
2
2)(λ1 + λ3) +
1
2
v2v
2
3(λ5 + λ6 + 2λ7) . (5.9b)
Note that nonzero µ212 will require v1 = v2. An interchange symmetry (1 ↔ 2) is acciden-
tally preserved even after spontaneous symmetry breaking. We will have three CP even scalars
(h′, H, h), two pseudoscalars (A1, A2) and two pairs of charged scalars (H±1 , H
±
2 ). Among
these, h′, A1 and H±1 are odd under the interchange symmetry and the rest are even under
it. Being odd under this interchange symmetry, h′ does not couple to gauge bosons as h′V V
(V = W, Z). Appearance of such an exotic scalar was noted earlier in the context of an S3
symmetric 3HDM [111,112,121]. The soft breaking parameter (µ212) gets related to the mass of
h′ as
m2h′ = 2µ
2
12 . (5.10)
It is straightforward to express the lambdas in terms of the physical masses. We then obtain
κ1 = − 1
m21+
(
m21+ −m2h′ +
m2h
2
)
, (5.11a)
κ2 = −
(
1 +
m2h
2m22+
)
. (5.11b)
The similarity between Eq. (5.11a) and Eq. (5.6) is striking. Note that (|m21+ − m2h′ |) is
constrained from unitarity. Therefore, when the first charged Higgs mass m1+ is very large, κ1
becomes vanishingly small. However, this decoupling does not occur in κ2 which contains the
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second charged Higgs mass m2+. It is not difficult to intuitively argue that with an extended
global symmetry SO(2)×U(1), together with an extra soft breaking parameter which is related
to mA2, decoupling in κ2 can be ensured. Starting from the softly broken SO(2) symmetric
potential, this additional U(1) extension (φ3 → eiαφ3) and its soft breaking can be realized
by putting λ7 = 0 in Eq. (4.3) and introducing a term that softly breaks this U(1). A crucial
observation we make in this chapter is that the masses mA in the 2HDM context and mh′ in
the 3HDM context enter into the expressions of κi – e.g. see Eqs. (5.6) and (5.11a) – only when
they are related to soft global symmetry breaking parameters.
5.3 Conclusions and outlook
In this chapter we have made an attempt to establish a connection between decoupling or
nondecoupling of charged scalars from the diphoton decay of the Higgs with the symmetries of
the scalar potential. We have argued that charged scalars in multi doublet scalar extensions
of the SM do not necessarily decouple from physical processes, e.g. µγγ in the context of this
chapter, specifically when the potential has an exact symmetry and all the scalars receive vevs.
In such scenarios, a precisely measured µγγ can smell the presence of nonstandard scalars even
if they are super-heavy. In fact, µγγ can constrain the number of such doublets. Table 5.1 shows
that each additional pair of charged scalars (H±i ) reduces µγγ approximately by 0.1 when the
potential has an exact discrete symmetry. Our illustrations are based on two- and three-Higgs-
doublet models which are motivated by flavor symmetries. We have explicitly demonstrated
how soft breaking of a global U(1) symmetry can ensure decoupling in 2HDM in the alignment
limit. In the case of 3HDM, with a softly broken global SO(2) symmetry in the potential,
decoupling can be ensured for one pair of charged scalars (H±1 ), while the second pair (H
±
2 )
still do not decouple. Employing the soft breaking terms of an extended global continuous
symmetry, namely, SO(2) × U(1), the nondecoupling effects of H±2 can be tamed. If we have
more pairs of charged scalars in the theory stemming from additional scalar doublets, even more
enhanced or extended global continuous symmetries − only softly broken − would be required
to ensure decoupling of all charged scalars from µγγ . Keeping in mind the expected accuracy in
the measurement of the hhh vertex in the high luminosity option of LHC or in the future linear
collider, whose tree level expression in the alignment limit remains the same as in SM even for
multi doublet Higgs structure, µγγ may offer a better bet for diagnosing the underlying layers
of the Higgs dynamics.
Look at the end of work, contrast
The petty done, the undone vast ...
Robert Browning in “The Last Ride Together”
6
Summary and conclusions
The discovery of a new boson in the July of 2012 at the LHC is undoubtedly the greatest
achievement of this decade in the field of Particle Physics. Precise measurements of the properties
of this new boson will be the major objective of the future high energy collider experiments.
Although the signal strengths of this new boson into various decay channels have been found to
be compatible with what is expected from the SM Higgs scalar, unambiguous determination of
the couplings of this new boson is necessary to make any conclusive remark on its standardness.
But, besides these fantastic agreements, preliminary data from both CMS and ATLAS showed
larger than 2σ excess over the SM expectation in the diphoton signal strengths. It is well known
that Higgs to diphoton decay, in the SM, proceeds at the leading order through W and top
quark (largest among the fermions) loops. It is also known that the amplitudes from these two
types of loop diagrams interfere destructively with W -loop contribution dominating over the
top-loop. Naturally if the sign of the top-Higgs Yukawa coupling is reversed the interference will
be constructive and an enhancement, as was seen in the experiments, can be obtained. This led
many people to speculate that the SM might have been wrong in predicting the sign of the top
quark Yukawa (or, every Yukawa) coupling. But we must remember that in absence of the SM
Higgs, the amplitude of ff¯ →W+LW−L scattering will grow linearly with the CM energy and the
co-efficient of this linear growth is proportional to the fermion mass, mf (see Appendix B). In
fact, the requirement of the cancellation of this growth uniquely fixes the f¯fh Yukawa coupling.
Thus, tormenting the Yukawa couplings in the SM by hand will lead to an imperfect cancellation
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of the energy growths spoiling the high energy unitarity of the ff¯ →W+LW−L scattering and this
effect will be most prominent in the case of tt¯→W+LW−L scattering because of the large mass of
the top quark. In Chapter 2, it has been showed that any departure from the SM couplings will
inevitably introduce a new energy scale at which unitarity will be violated and therefore, some
new physics must set in before this energy scale to restore it. A quantitative analysis of how
this energy scale depends on the amount of nonstandard deviation of the couplings has been
demonstrated in this chapter.
However after an updated analysis of the data by ATLAS and CMS, the excess in the diphoton
channel seems to have gone away and all the signal strengths are in agreement with the SM. We
have not found any direct evidence for new physics so far. Even if this new boson turns out to
be the SM Higgs particle, there are still some issues, not addressed in the SM, which invite us
to take a closer look at the BSM physics. The major shortcomings of the SM are as follows:
• Neutrinos are massless in the SM. But oscillation experiments with solar and atmospheric
neutrinos have established that neutrinos have small but finite mass. The neutrino oscil-
lation experiments have raised new puzzles as the mixing among the neutrinos are very
different from that among the quarks.
• Different cosmological and astrophysical observations have confirmed the existence of dark
matter in the universe. The fact that we cannot see it suggests that this must be some new
kind of particle without strong and electromagnetic interactions. On the other hand, the
fact that it occurs with a certain abundance requires that it must have some other kind of
interactions which allow this to happen. In the SM there is no dark matter candidate and
one should, therefore, look beyond.
• All observations in the large as well as the small scale universe have found no evidence
of antimatter. There is only matter in the universe, and the density of matter is only a
billionth of the photon density at the present epoch. There is no way to understand this
matter-antimatter asymmetry within the framework of the SM.
Speaking of BSM scenarios, Chapter 3 is dedicated to the phenomenology of CP conserving
2HDMs – one of the simplest BSM constructions. The first part of this chapter concentrates
on the scalar potential only and the conclusions obtained in this part are independent of the
Yukawa structure of the 2HDM. Our motivation here was to explore the scalar potential in
view of the observation of a 125 GeV Higgs boson (h) at the LHC, using constraints from
unitarity of scalar scattering cross-sections, stability of the potential and electroweak precision
tests. These considerations restrict the spectrum of the non-standard scalars. Since the LHC
Higgs data seem to be compatible with the SM expectations, we restricted ourselves to the
alignment limit when the lightest CP even scalar (h) resembles the SM Higgs particle in its
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gauge and Yukawa couplings. In addition to h, a 2HDM contains one heavy CP even scalar (H),
one pseudoscalar (A) and a pair of charged scalars (H±1 ). We found that when the potential
has an exact Z2 symmetry, unitarity and stability put severe constraints on tanβ. This bound,
however, is diluted in the presence of a soft breaking parameter. In the case of a softly broken
U(1) symmetry, we find that unitarity constraints essentially applies to the difference between
the nonstandard scalar masses but not on the individual masses. This means any individual
nonstandard mass can be arbitrarily large without violating unitarity provided the other masses
are close by. In particular, it has been shown that unitarity and stability restricts the quantity
|(m2H − m2A)(tan2 β + cot2 β)|. Consequently the difference between mH and mA is squeezed
with increasing tanβ and, for practical purposes, becomes degenerate for tanβ & 5. On top of
this, when we imposed the constraint coming from the T -parameter, it is found that all three
nonstandard masses should be degenerate for tanβ & 5.
Later in Chapter 3 some key features of the BGL models were explored. Note that the BGL
models use a softly broken U(1) symmetry to tame the FCNC couplings by relating them to the
off diagonal elements of the CKM matrix and so all the conclusions of the previous paragraph, in
the context of U(1) symmetry, hold for these models too. The crucial motivation of this chapter
was to look for a lighter than conventionally allowed charged scalar which can found in the next
run of the LHC. It should be remembered that the charged scalar mass in the conventional
2HDMs like Type II 2HDM faces stringent constrains mainly from the well measured value of
the b→ sγ decay width. From this observable alone the value of m1+ in Type II 2HDM is forced
to be more than 350 GeV. On the contrary, it has been found in this chapter that in certain
variants of the BGL models a charged scalar in the ballpark of 150-200 GeV can successfully
negotiate the major experimental constraints coming from the flavor data. In fact, all the three
nonstandard masses (mH , mA and m1+) can be taken in the same 150-200 GeV range without
upsetting any major theoretical or experimental constrains whatsoever. What’s more interesting
is to note that since the BGL models break the fermionic family universality explicitly, these
light nonstandard scalars can have unconventional decay hierarchies which can be observed at
LHC and this might be the hallmark signature of the BGL models.
Multi doublet extensions of the SM scalar sector have been further investigated in Chapter 4
where an S3 symmetric 3HDM has been analyzed. Again an alignment limit for this model
has been found when one of the CP even scalars mimics the SM gauge and Yukawa coupling.
In addition to this SM-like scalar (h) a 3HDM contains two heavier scalars (h0 and H), two
pseudoscalars (A1 and A2) and two pairs of charged scalars (H±1 and H
±
2 ). Theoretical con-
strains coming from the tree-level unitarity of the scattering amplitudes were derived and the
consequences of these constrains on the nonstandard masses have been explored. It is found
that all the nonstandard masses are constrained to lie below 1 TeV. Then the effect of two pairs
of charged scalars on the loop induced Higgs decays has been analyzed. Similar to the case
of Z2 symmetric 2HDM, here again we find that none of the charged scalars decouples from
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diphoton decay and an enhancement in the diphoton signal strengths is impossible to obtain in
the alignment limit. In fact, a sharp prediction that the diphoton signal strength in this model
cannot be more than 80% of the SM expectation has been made in this chapter.
In Chapter 5 it has been shown that decoupling of the charged scalar in the loop induced Higgs
decays like h → γγ is not guaranteed. The role played by symmetries in this context has been
emphasized. It is found that this nondecoupling is a typical characteristic of non-inert multi
Higgs-doublet models with an exact discrete symmetry. It has been suggested that decoupling
can be achieved by invoking a soft symmetry breaking term in the scalar potential.
Details are not just details, collectively they make the design.
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A
Calculation of the WW scattering amplitude
Consider the following elastic scattering process in
the CM frame:
W+L (p1) +W
−
L (p2)→W+L (k1) +W−L (k2).
We abbreviate L(p1) = 1/MW etc. Since p ·
L(p) = 0 and L(p) · L(p) = −1, we may take,
in the CM frame, the momentum and polarization
vectors as shown in the adjacent figure. For our
calculation, we shall need the following expressions which follow from the kinematics in the CM
frame:
p1 · 2 = p2 · 1 = k1 · ′2 = k2 · ′1 = 2Ep , (A.1a)
p1 · ′1 = p2 · ′2 = k1 · 1 = k2 · 2 = Ep(1− cos θ) , (A.1b)
p1 · ′2 = p2 · ′1 = k1 · 2 = k2 · 1 = Ep(1 + cos θ , (A.1c)
1 · 2 = ′1 · ′2 = p2 + E2 , (A.1d)
′1 · 2 = 1 · ′2 = p2 + E2 cos θ , (A.1e)
1 · ′1 = 2 · ′2 = p2 − E2 cos θ , (A.1f)
p1 · p2 = k1 · k2 =
(s
2
−M2W
)
, (A.1g)
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t = (p1 − k1)2 = 2M2W − 2p1 · k1
= 2M2W − 2(E2 − p2 cos θ) , (A.1h)
⇒ t
2
= −p2(1− cos θ) , (A.1i)
⇒ p1 · k1 = p2 · k2 = −
(
t
2
−M2W
)
, (A.1j)
Similarly,
u
2
= −p2(1 + cos θ) , (A.1k)
⇒ p1 · k2 = p2 · k1 = −
(u
2
−M2W
)
. (A.1l)
A.1 Calculation of the gauge part
Figure A.1: Gauge diagrams for W+L (p1) +W
−
L (p2)→W+L (k1) +W−L (k2).
A.1.1 s-channel photon exchange
The Feynman amplitude can be written as
iMγa = −g2 sin2 θw
[
(p2 − p1)αgµν + (p1 + k)νgµα − (k + p2)µgνα
]
×
(
− ig
αβ
s
)
×
[
(k2 − k1)βgλρ + (k1 + k)λgρβ − (k + k2)ρgλβ
]
× 
µ
1 
ν
2
′ρ
1 
′λ
2
M4W
. (A.2)
Rememembering k = (p1 + p2) = (k1 + k2) and p1 · 1 = p2 · 2 = k1 · ′1 = k2 · ′2 = 0 we may
simplify the above equation as
Mγa =
g2 sin2 θw
M4W s
[
(p2 − p1)α(1 · 2) + 2(p1 · 2)1α − 2(p2 · 1)2α
]
× gαβ
×
[
(k2 − k1)β(′2 · ′1)− 2(k1 · ′2)′1β + 2(k2 · ′1)2β′
]
. (A.3)
Using the scalar products of Eq. (A.1l) we may write
Mγa =
g2 sin2 θw
M4W s
[{
(p2 − p1)α(E2 + p2) + 4Ep(1 − 2)α
}
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×
{
(k2 − k1)α(E2 + p2) + 4Ep(′1 − ′2)α
}]
(A.4)
=
g2 sin2 θw
M4W s
× Ts (say) . (A.5)
 Terms inside the square bracket:
Ts =
[
(p2 · k2 − p2 · k1 − p1 · k2 + p1 · k1)(E2 + p2)2 + 4Ep(E2 + p2)×
(p2 · ′1 − p2 · ′2 − p1 · ′1 + p1 · ′2 + k2 · 1 − k2 · 2 − k1 · 1 + k1 · 2)
+16E2p2(1 · ′1 − 1 · ′2 − 2 · ′1 + 2 · ′2)
]
=
[
2(−2p2 cos θ)(E2 + p2)2 + 32E2p2 cos θ(E2 + p2) + 32E2p2(−2E2 cos θ)
]
=
[
− 4p2 cos θ(E2 + p2)2 + 32E2p2 cos θ(E2 + p2 − 2E2)
]
= −4p2 cos θ
(s
2
−M2W
)2 − 32E2p2M2W cos θ
= −4E4s cos θ +O (M4W ) . (A.6)
Therefore,
Mγa =
g2 sin2 θw
M4W s
[−4E4s cos θ] +O (1)
= −g
2E4 sin2 θw
M4W
(4 cos θ) +O (1) . (A.7)
A.1.2 s-channel Z-boson exchange
Firstly, the photon propagator of Eq. (A.2) should be replaced by the massive Z-boson propa-
gator:
−gαβ + kαkβ
(s−M2Z)
. (A.8)
But it should be noted that the kαkβ term does not contribute to the amplitude because of the
following identity: [
(p2 − p1)αgµν + (p1 + k)νgµα − (k + p2)µgνα
]
× kαkβ
×
[
(k2 − k1)βgλρ + (k1 + k)λgρβ − (k + k2)ρgλβ
]
= 0 . (A.9)
Another modification is that WWγ coupling will be replaced by WWZ coupling, i.e., sin θw
should be replaced by cos θw. Keeping this in mind, we can rewrite Eq. (A.5) for s-channel
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Z-boson mediation as
MZa =
g2 cos2 θw
M4W (s−M2Z)
× Ts ' g
2 cos2 θw
M4W (s−M2Z)
[−(4E4s) cos θ] (A.10)
=
g2E2 cos2 θws
M4W
(
1− M
2
Z
s
)−1
cos θ
= −g
2E4 cos2 θw
M4W
(4 cos θ)− g
2E2
M2W
cos θ +O (1) . (A.11)
In the last step, we have used MW = MZ cos θw. We now get the total amplitude for the
s-channel process as
Ma =Mγa +MZa = −
g2E4
M4W
(4 cos θ)− g
2E2
M2W
(cos θ) . (A.12)
A.1.3 t-channel photon exchange
The Feynman amplitude for this diagram reads
iMγb =
(−g2 sin2 θw) [−(p1 + k1)αgµν + (p1 + k)νgµα + (−k + k1)µgνα]× (− igαβ
t
)
× [(p2 + k2)βgλρ − (k2 + k)ρgλβ + (k − p2)λgρβ]× 
µ
1 
′ν
1 
ρ
2
′λ
2
M4W
. (A.13)
Again remembering k = p1 − k1 = k2 − p2, and using the gauge condition p.(p) = 0 we may
simplify the above expression as:
Mγb =
g2 sin2 θw
M4W t
[−(p1 + k1)α(1.′1) + 2(p1.′1)1α + 2(k1.1)′1α]
× [(p2 + k2)β(2.′2)− 2(k2.2)′2β − 2(p2.′2)2β]× gαβ
=
g2 sin2 θw
M4W t
[−(p1 + k1)α(p2 − E2 cos θ) + 2Ep(1− cos θ)(1 + ′1)α]
× [(p2 + k2)α(p2 − E2 cos θ)− 2Ep(1− cos θ)(2 + ′2)α] (A.14)
=
g2 sin2 θw
M4W t
× Tt (say) . (A.15)
 Terms inside the square bracket:
Tt = +2Ep(1− cos θ)(p2 − E2 cos θ){(p2 + k2).(1 + ′1) + (p1 + k1).(2 + ′2)}
−(p1 + k1).(p2 + k2)(p2 − E2 cos θ)2
−4E2p2(1− cos θ)2(1 + ′1).(2 + ′2)
= −2(p2 − E2 cos θ)2(2E2 + p2 + p2 cos θ)
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+8E2p2(1− cos θ)(p2 − E2 cos θ)(3 + cos θ)
−8E2p2(1− cos θ)2{2p2 + E2(1 + cos θ)}
= +8E2p2(1− cos θ){(p2 − E2 cos θ)(3 + cos θ)− 2p2(1− cos θ)− E2(1− cos2 θ)}
−2{p2(1− cos θ)−M2W cos θ}2
(
3E2 + E2 cos θ −M2W −M2W cos θ
)
. (A.16)
After some algebraic manipulation, the terms inside the curly bracket in the first part of
Eq. (A.16) can be evaluated to be equal to −M2W (1 + 3 cos θ). Using this in conjunction
with Eq. (A.1i), the terms inside the square bracket becomes:
Tt = −2
(
t
2
+M2W cos θ
)2 {
E2(3 + cos θ)−M2W (1 + cos θ)
}
+4E2tM2W (1 + 3 cos θ) , (A.17)
≈ − t
2
2
E2(3 + cos θ) +
t2
2
M2W (1 + cos θ)
−2M2W tE2 cos θ(3 + cos θ) + 4E2tM2W (1 + 3 cos θ) +O
(
M4W
)
, (A.18)
= − t
2
2
E2(3 + cos θ) +M2W tE
2(3 + 6 cos θ − cos2 θ) +O (M4W ) . (A.19)
Plugging this into Eq. (A.15), we obtain
Mγb ≈
g2 sin2 θw
M4W t
[
− t
2
2
E2(3 + cos θ) +M2W tE
2(3 + 6 cos θ − cos2 θ)
]
(A.20)
≈ g
2E2p2 sin2 θw
M4W
(1− cos θ)(3 + cos θ)
+
g2E2 sin2 θw
M2W
(
3 + 6 cos θ − cos2 θ) (A.21)
=
g2E4 sin2 θw
M4W
(
3− 2 cos θ − cos2 θ)+ g2E2 sin2 θw
M2W
(8 cos θ) +O (1) . (A.22)
A.1.4 t-channel Z-boson exchange
Similar to the s-channel calculation, for t-channel Z-boson mediation we may write:
MZb =
g2 cos2 θw
M4W (t−M2Z)
× Tt
≈ g
2 cos2 θw
M4W t
(
1 +
M2Z
t
)
× Tt
=
(
g2 cos2 θw
M4W t
+
g2
M2W t
2
)
× Tt
≈ g
2E4 cos2 θw
M4W
(
3− 2 cos θ − cos2 θ)+ g2E2 cos2 θw
M2W
(8 cos θ)
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+
g2
M2W t
2
[
− t
2
2
E2(3 + cos θ)
]
(A.23)
=
g2E4 cos2 θw
M4W
(
3− 2 cos θ − cos2 θ)+ g2E2 cos2 θw
M2W
(8 cos θ)
−g
2E2
M2W
(
3
2
+
1
2
cos θ
)
+O (1) . (A.24)
Therefore, the total amplitude for the t-channel process becomes:
Mb = Mγb +MZb
=
g2E4
M4W
(
3− 2 cos θ − cos2 θ)+ g2E2
M2W
(
15
2
cos θ − 3
2
)
+O (1) . (A.25)
A.1.5 The quartic gauge vertex
The Feynman amplitude is given by
iMc = ig2(2gµρgνλ − gµνgρλ − gµλgνρ)× 
µ
1 
ν
2
′λ
1 
′ρ
2
M4W
(A.26)
⇒ Mc = g
2
M4W
[
2(1.
′
2)(2.
′
1)− (1.2)(′1.′2)− (1.′1)(2.′2)
]
(A.27)
⇒ Mc = g
2
M4W
[
2(p2 + E2 cos θ)2 − (p2 + E2)2 − (p2 − E2 cos θ)2] (A.28)
⇒ Mc = g
2E4
M4W
(6 cos θ − 2− sin2 θ) + g
2E2
M2W
(2− 6 cos θ) +O (1) . (A.29)
Adding Eqs. (A.12), (A.25) and (A.29) together one can see that the quartic growth is already
canceled. The remaining quadratic growth in the total gauge part of the amplitude is given
below:
Mγ+Z = Ma +Mb +Mc ,
=
g2E2
2M2W
(1 + cos θ) +O (1) , (A.30)
=
g2s
8M2W
(1 + cos θ) +O (1) ≡ GF s√
2
(1 + cos θ) +O (1) . (A.31)
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Figure A.2: Higgs mediated diagrams for W+L (p1) +W
−
L (p2)→W+L (k1) +W−L (k2).
A.2 Calculation of the Higgs part
A.2.1 s-channel Higgs exchange
The Feynman amplitude for diagram A.2d can be written as follows:
iMd = (igMW gµν) i(
s−m2h
) (igMW gαβ) µ1 ν2′α1 ′β2
M4W
⇒ Md = − g
2
M2W (s−m2h)
pµ1p
ν
2k
α
1 k
β
2 gµνgαβ . (A.32)
Note that unlike in the gauge part of the calculation, here we already have M2W in the denomi-
nator. Therefore, any modification of the O (M2W /E2) in the numerator will lead to a constant
term term independent of the CM energy. For this reason, here we can approximate
µL(p) ≈
pµ
MW
. (A.33)
Using this, we may rewrite Eq. (A.32) as
Md = −g
2(p1 · p2)(k1 · k2)
M2W
(
s−m2h
)
= − g
2s2
4M2W
(
s−m2h
)
= − g
2
4M2W
[
s+
m2hs(
s−m2h
)] . (A.34)
A.2.2 t-channel Higgs exchange
Similar to the s-channel calculation, for diagram A.2e we can write
Me = − g
2
4M2W
[
t+
m2ht
(t−m2h)
]
. (A.35)
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Thus, the total amplitude for the Higgs part becomes
Mh =Md +Me = − g
2
4M2W
(s+ t)− g
2m2h
4M2W
(
s
s−m2h
+
t
t−m2h
)
(A.36)
⇒ Mh ≈ − g
2s
8M2W
(1 + cos θ)− g
2m2h
4M2W
(
s
s−m2h
+
t
t−m2h
)
. (A.37)
In the last step we have used the following identity:
− (s+ t) = u = −2p2(1 + cos θ) ≈ −2E2(1 + cos θ) = −s
2
(1 + cos θ) . (A.38)
A.3 Total amplitude and Lee-Quigg-Thacker limit
Adding Eqs. (A.31) and (A.37) together, we can easily see that the remnant quadratic energy
growth in the gauge part of the amplitude is exactly canceled by the corresponding growth in
the Higgs part of the amplitude. After the cancellation of the bad energy growth, the total
amplitude reads
M(θ) =Mγ+Z +Mh = −g
2m2h
4M2W
(
s
s−m2h
+
t
t−m2h
)
, (A.39)
⇒ M(θ) = −g
2m2h
4M2W
[
s
s−m2h
+
s
2(1− cos θ)
s
2(1− cos θ) +m2h
]
, (A.40)
= −g
2m2h
4M2W
[M1(θ) +M2(θ)] (say) . (A.41)
Now, let us define the following:
I1 =
∫ +1
−1
M1(θ)d(cos θ) = 2s
s−m2h
, (A.42)
I2 =
∫ +1
−1
M2(θ)d(cos θ) =
∫ +1
−1
s
2(1− cos θ)
s
2(1− cos θ) +m2h
d(cos θ)
=
[
2− 2m
2
h
s
ln
(
1 +
s
m2h
)]
. (A.43)
One may recall from Eq. (1.44)
a0 =
1
32pi
∫ +1
−1
M(θ)d(cos θ)
=
1
32pi
(
−g
2m2h
4M2W
)
(I1 +I2) (A.44)
= −GFm
2
h
8pi
√
2
[
2 +
m2h
s−m2h
− m
2
h
s
ln
(
1 +
s
M2H
)]
. (A.45)
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At the limit s >> m2h, the above equation can be approximated as:
a0 ≈ −GFm
2
h
4pi
√
2
. (A.46)
Now, if we apply the unitarity condition of Eq. (1.2), we can get an upper limit on the Higgs
mass as:
m2h ≤
4pi
√
2
GF
= 1.26 TeV , (A.47)
where, in the last step, we have used GF = 1.12× 10−5 GeV−2.
B
Calculation of the e−e+ → WW scattering amplitude
Consider the following elastic scattering process in
the CM frame:
e+(p1) + e
−(p2)→W−L (k1) +W+L (k2).
Although we display the calculation for e+e−
pair, it can be easily generalized for any fermion-
antifermion pairs in the SM. As in Appendix A,
here also we abbreviate L(k1) = 1/MW and
L(k2) = 2/MW . Since k · L(k) = 0 and L(k) · L(k) = −1, we may take, in the CM frame,
the momentum and polarization vectors as shown in the adjacent figure. For our calculation, we
shall need the following expressions which follow from the kinematics in the CM frame:
µ1 = k
µ
1 +
M2W
2E
Xµ1 with X
µ
1 = (−1, rˆ) , (B.1a)
µ2 = k
µ
2 +
M2W
2E
Xµ2 with X
µ
2 = (−1,−rˆ) , (B.1b)
(1 − 2)µ = (k1 − k2)µ + M
2
W
E
Xµ with Xµ = (0, rˆ) , (B.1c)
k1 · k2 = 1 · 2 = E2 + k2 = s
2
−M2W , (B.1d)
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k2 · 1 = k1 · 2 = 2Ek = s
2
−M2W +O
(
M4W
E2
)
. (B.1e)
Thus, in the high energy limit when s >> M2W , we can approximate
k1 · k2 = 1 · 2 = k2 · 1 = k1 · 2 = s
2
−M2W . (B.2)
The Feynman diagrams for the scattering process in consideration is displayed below.
Figure B.1: Feynman diagrams for e−(p1) + e+(p2)→W−L (k1) +W+L (k2).
B.1 s-channel photon exchange
The amplitude for the relevant Feynman diagram can be written as
iMγa = v¯(p2)(ieγα)u(p1)×
(
− ig
αβ
s
)
×ie [(−k1 + k2)βgµν + (−k2 − q)µgνβ + (q + k1)νgβµ]× 
µ
1 
ν
2
M2W
, (B.3)
where, q = p1 + p2 is the four momentum of the intermediate particle. After some simplification
we obtain
Mγa =
e2
M2W s
v¯(p2)γ
βu(p1) [(k2 − k1)β(1 · 2)− 2(k2 · 1)2β + 2(k1 · 2)1β] (B.4a)
=
e2
M2W s
v¯(p2)γ
βu(p1) [(k2 − k1)β − 2(2 − 1)β]
{(s
2
−M2W
)
+O
(
M4W
E2
)}
(B.4b)
=
e2
M2W s
v¯(p2)γ
βu(p1)
[
−(k2 − k1)β + M
2
W
E
Xβ
]{(s
2
−M2W
)
+O
(
M4W
E2
)}
(B.4c)
=
e2
M2W s
v¯(p2)
[
( /k1 − /k2) + M
2
W
E
/X
]
u(p1)×
(s
2
−M2W
)
. (B.4d)
Now, using the conservation of four momentum we get k1 − k2 = 2k1 − (p1 + p2) and Dirac
equation implies v¯(p2)(/p1 + /p2)u(p1) = 0. Hence we may write
v¯(p2)(/k1 − /k2)u(p1) = 2 v¯(p2) /k1u(p1) . (B.5)
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Using this, we get the final expression as
Mγa =
e2
M2W s
v¯(p2)
[
2 /k1 +
M2W
E
/X
]
u(p1)×
(s
2
−M2W
)
(B.6a)
=
e2
M2W
v¯(p2) /k1u(p1)︸ ︷︷ ︸
O(E2)
− 2e
2
s
v¯(p2) /k1u(p1) +
e2
2E
v¯(p2) /Xu(p1)︸ ︷︷ ︸
O(1)
. (B.6b)
We have learned that the term involving Xβ in Eq. (B.4c) contributes to O (1) terms in the
amplitude and therefore will not be significant for the high energy behavior. We shall drop such
terms hereafter.
B.2 s-channel Z exchange
To begin with, we will assume a general coupling of the following form:
e¯γµ(gLPL + gRPR)e Zµ ≡ 1
2
e¯γµ {(gR + gL) + (gR − gL)γ5} e Zµ . (B.7)
Next let us be convinced that the qαqβ term in the Z-boson propagator does not contribute to
the amplitude. For this, we note the following:
qαqβ [(−k1 + k2)βgµν + (−k2 − q)µgνβ + (q + k1)νgβµ]× µ1 ν2 (B.8a)
= qαqβ [(k2 − k1)β(1 · 2)− 2(k1 · 2)(2 − 1)β] = 0 . (B.8b)
The last step follows if we substitute q = k1 + k2 and remember that k21 = k22 = M2W because
the external W±s are on-shell and k1 · 1 = k2 · 2 = 0 due to gauge invariance.
Now denoting the WWZ coupling strength by gWWZ , we can write the relevant amplitude by
slightly modifying Eq. (B.4c) as:
MZa =
gWWZ
2M2W (s−M2Z)
v¯(p2)γ
β [(gR + gL) + (gR − gL)γ5]u(p1) [−(k2 − k1)β]
×
{(s
2
−M2W
)
+O
(
M4W
E2
)}
(B.9a)
=
gWWZ
2M2W (s−M2Z)
v¯(p2)(/k1 − /k2) [(gR + gL) + (gR − gL)γ5]u(p1)
×
{(s
2
−M2W
)
+O
(
M4W
E2
)}
. (B.9b)
As has been calculated previously, here we have the following:
v¯2( /k1 − /k2)u1 = 2 v¯2 /k1u1 , (B.10a)
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and, v¯2( /k1 − /k2)γ5u1 = v¯2 {2 /k1 − ( /p1 + /p2)} γ5u1
= 2v¯2 /k1γ
5u1 − v¯2( /p1 + /p2)γ5u1 (B.10b)
= 2v¯2 /k1γ
5u1 +mev¯2γ
5u1 + v¯2γ
5/p1u1 (B.10c)
= 2v¯2 /k1γ
5u1 + 2mev¯2γ
5u1 = 2v¯2( /k1 +me)γ
5u1 , (B.10d)
where we have introduced the shorthands v¯2 and u1 for v¯(p2) and u(p1) respectively. Now we
rewrite Eq. (B.9b) as follows:
MZa =
gWWZ
2M2W s
×
(
1 +
M2Z
s
+ . . .
)
×v¯2( /k1 − /k2)
{
(gR + gL) + (gR − gL)γ5
}
u1 ×
(s
2
−M2W
)
+O (1) (B.11a)
≈ gWWZ
2M2W s
× v¯2( /k1 − /k2)
{
(gR + gL) + (gR − gL)γ5
}
u1 × s
2
+O (1) (B.11b)
=
gWWZ
4M2W
v¯2( /k1 − /k2)
{
(gR + gL) + (gR − gL)γ5
}
u1 +O (1) (B.11c)
=
gWWZ
2M2W
v¯2
{
(gR + gL) /k1 + (gR − gL)( /k1 +me)γ5
}
u1 +O (1) . (B.11d)
In the last step we have used the results of Eq. (B.10). The final expression for the Z mediated
amplitude is given below:
MZa =
gWWZ
2M2W
(gR + gL)v¯2 /k1u1 +
gWWZ
2M2W
(gR − gL)v¯2 /k1γ5u1︸ ︷︷ ︸
O(E2)
+
gWWZme
2M2W
(gR − gL)v¯2γ5u1︸ ︷︷ ︸
O(E)
+O (1) . (B.12)
B.3 t-channel ν exchange
We assume the W -boson coupling with the fermions to be of the following form
− g√
2
ν¯γµPLeW
+
µ + h.c.
We now write the Feynman amplitude for the diagram B.1b as follows:
iMνb = v¯2
{
− ig
2
√
2
γν(1− γ5)
}
i(/q +mν)
q2 −m2ν
{
− ig
2
√
2
γµ(1− γ5)
}
u1 × 
µ
1 
ν
2
M2W
(B.13a)
⇒ Mνb = −
g2
8M2W (t−m2ν)
v¯2γν(1− γ5)(/q +mν)γµ(1− γ5)u1 × µ1 ν2 , (B.13b)
where, q = p1 − k1 = k2 − p2 is the four momentum of the intermediate fermion. Note that
the term proportional to mν at the numerator of Eq. (B.13b) do not contribute because (1 −
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γ5)γµ(1− γ5) = 0. Using (1− γ5)2 = 2(1− γ5) we now rewrite Eq. (B.13b) as
Mνb = −
g2
4M2W (t−m2ν)
v¯2γν/qγµ(1− γ5)u1 × µ1 ν2 . (B.13c)
It is worth noting at this point that any modification of O (M2W /E) in 1 or 2 will lead to O (1)
contribution to the amplitude. Hence, using µ1 ≈ kµ1 and µ2 ≈ kµ2 in Eq. (B.13c), we obtain
Mνb = −
g2
4M2W (t−m2ν)
[
v¯2 /k2( /p1 − /k1) /k1(1− γ5)u1
]
+O (1) . (B.13d)
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Now note that
( /p1 − /k1) /k1u1 = ( /p1 /k1 − k21)u1 = (2p1 · k1 − /k1 /p1 − k21)u1
= (2p1 · k1 − k21)u1 −me /k1u1 = (−t+m2e)u1 −me /k1u1 . (B.14a)
Similarly, one can easily obtain
( /p1 − /k1) /k1(1− γ5)u1 = (−t+m2e)(1− γ5)u1 −me /k1(1 + γ5)u1 . (B.14b)
Let us now proceed to simplify the expression that appears inside the square bracket in Eq.
(B.13d):
v¯2 /k2( /p1 − /k1) /k1(1− γ5)u1 = −(t−m2e)v¯2 /k2(1− γ5)u1︸ ︷︷ ︸
T1
−mev¯2 /k2 /k1(1 + γ5)u1︸ ︷︷ ︸
T2
. (B.14c)
 Evaluation of T1:
T1 = −(t−m2e)v¯2 /k2(1− γ5)u1 = −(t−m2e)v¯2( /p1 + /p2 − /k1)(1− γ5)u1
= (t−m2e)v¯2 /k1(1− γ5)u1 − (t−m2e)v¯2( /p1 + /p2)(1− γ5)u1
= (t−m2e)v¯2 /k1(1− γ5)u1 − 2me(t−m2e)v¯2γ5u1 , (B.14d)
where, in the last step, we have used the following identity:
v¯2( /p1 + /p2)(1− γ5)u1 = v¯2 /p2(1− γ5)u1 + v¯2(1 + γ5) /p1u1
= −mev¯2(1− γ5)u1 +mev¯2(1 + γ5)u1
= 2mev¯2γ
5u1 . (B.14e)
 Evaluation of T2: For this, let us first note the following:
/k2 /k1 = ( /p1 + /p2 − /k1) /k1 = /p1 /k1 + /p2 /k1 − k21
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= 2(p1 · k1)− /k1 /p1 + /p2 /k1 − k21 = −(t−m2e)− /k1 /p1 + /p2 /k1 . (B.14f)
Now we can write
T2 = −mev¯2 /k2 /k1(1 + γ5)u1
= me(t−m2e)v¯2(1 + γ5)u1 +mev¯2 /k1 /p1(1 + γ5)u1 −mev¯2 /p2 /k1(1 + γ5)u1
= me(t−m2e)v¯2(1 + γ5)u1 +m2e v¯2 /k1(1− γ5)u1 +m2e v¯2 /k1(1 + γ5)u1 . (B.14g)
Therefore, adding Eqs. (B.14d) and (B.14g) together, we obtain
T1 + T2 = tv¯2 /k1(1− γ5)u1 +me(t−m2e)v¯2(1− γ5)u1 +m2e v¯2 /k1(1 + γ5)u1
= tv¯2 /k1(1− γ5)u1︸ ︷︷ ︸
leads to O(E2)
+metv¯2(1− γ5)u1︸ ︷︷ ︸
leads to O(E)
+m2e v¯2 /k1(1 + γ
5)u1︸ ︷︷ ︸
leads to O(1)
−m3e v¯2(1− γ5)u1︸ ︷︷ ︸
leads to O(1/E)
. (B.14h)
Now we recast Eq. (B.13d) as follows:
Mνb = −
g2
4M2W t
(
1 +
m2ν
t
+ . . .
)
[T1 + T2] +O (1)
= − g
2
4M2W
v¯2 /k1(1− γ5)u1 − g
2me
4M2W
v¯2(1− γ5)u1 +O (1) , (B.15)
where we have used the result of Eq. (B.14h). One interesting thing to note from Eq. (B.15) is
that the mass of the intermediate fermion (mν in this case) does not appear in the coefficients
of the terms that grow with energy.
B.4 Amplitude without the Higgs
We now add Eqs. (B.6b), (B.12) and (B.15) together to obtain
Ma+b =
[
e2
M2W
+
gWWZ
2M2W
(gR + gL)− g
2
4M2W
]
v¯2 /k1u1︸ ︷︷ ︸
O(E2)
+
[
gWWZ
2M2W
(gR − gL) + g
2
4M2W
]
v¯2 /k1γ
5u1︸ ︷︷ ︸
O(E2)
+me
[
gWWZ
2M2W
(gR − gL) + g
2
4M2W
]
v¯2γ
5u1︸ ︷︷ ︸
O(E)
− g
2me
4M2W
v¯2u1︸︷︷︸
O(E)
+O (1) . (B.16)
Clearly, the cancellation of O (E2) growth requires
e2 +
gWWZ
2
(gR + gL)− g
2
4
= 0 , (B.17a)
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gWWZ
2
(gR − gL) + g
2
4
= 0 . (B.17b)
Note that the condition (B.17b) also guarantees the cancellation of v¯2γ5u1 term in Eq. (B.16).
Thus no additional new physics contribution is required to cancel the O (E) growth carried by
the v¯2γ5u1 term. Remember that in the case of SM
gL + gR =
g
cos θw
(
1
2
− 2 sin2 θw
)
, gL − gR = g
2 cos θw
, (B.18a)
e = g sin θw , and gWWZ = g cos θw , (B.18b)
so that the conditions (B.17) are trivially satisfied. Thus only the O (E) growth carried by
the term proportional to v¯2u1 remains to be canceled in Eq. (B.16). This necessitates the
introduction of a new scalar particle with suitable interactions.
B.5 s-channel Higgs exchange
We assume the relevant couplings to be of the form
geehe¯(cos δ + i sin δγ
5)eh+ gWWhW
+
µ W
µ−h . (B.19)
With this, one can write the Feynman amplitude for the diagram B.1c as follows:
iMhc = v¯2
{
igeeh(cos δ + i sin δγ
5)
}
u1
i
s−m2h
(igWWhgµν)
µ1 
ν
2
M2W
(B.20a)
⇒ Mhc = −
geehgWWh
M2W (s−m2h)
v¯2(cos δ + i sin δγ
5)u1(1 · 2) (B.20b)
= −geehgWWh
M2W s
(
1 +
m2h
s
+ . . .
)(s
2
−M2W
)
× v¯2(cos δ + i sin δγ5)u1 (B.20c)
≈ −geehgWWh
2M2W
cos δ v¯2u1 − igeehgWWh
2M2W
sin δ v¯2γ
5u1 +O
(
1
E
)
. (B.20d)
In the case of SM
geeh = − gme
2MW
, δ = 0 , and gWWh = gMW . (B.21)
Hence,
(
Mhc
)SM
=
g2me
4M2W
v¯2u1 +O
(
1
E
)
, (B.22)
which is exactly opposite to the residual O (E) growth in Eq. (B.16).
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B.6 Explicit evaluation of the energy growths
To begin with, we write down the Dirac spinors for free fermions as
ur(~p) =
√
E +m
(
χr
~σ·~p
E+mχ
r
)
, vr(~p) = −√E +m
(
~σ·~p
E+mχ
r
χr
)
, (B.23)
where the superscript r (= 1, 2) represents the helicity of the fermion. The column matrices,
χr, are given by
χ1 =
(
1
0
)
, χ2 =
(
0
1
)
. (B.24)
The orthonormality conditions satisfied by the spinors u and v are given below:
ur†(~p)us(~p) = 2Eδrs or, u¯r(~p)us(~p) = 2mδrs , (B.25a)
vr†(~p)vs(~p) = 2Eδrs or, v¯r(~p)vs(~p) = −2mδrs , (B.25b)
u¯r(~p)vs(~p) = v¯r(~p)us(~p) = 0 . (B.25c)
But note that,
ur†(~p)vs(~p) 6= 0 and vr†(~p)us(~p) 6= 0 , (B.25d)
however, ur†(~p)vs(−~p) = 0 and vr†(−~p)us(~p) 6= 0 . (B.25e)
Taking the direction of ~p1 to be the positive z-axis and assuming that the scattering takes place
in the x-z plane, we may take the different momentum four vectors as follows:
pµ1 = (E, 0, 0, p) , p
µ
2 = (E, 0, 0, − p) , (B.26a)
kµ1 = (E, k sin θ, 0, k cos θ) , k
µ
2 = (E, − k sin θ, 0, − k cos θ) . (B.26b)
In the Dirac-Pauli representation, different gamma matrices take the following form:
γ0 = γ0 =
(
1 0
0 −1
)
, γi = −γi =
(
0 σi
−σi 0
)
, γ5 = γ5 =
(
0 1
1 0
)
. (B.27)
Using these one may easily obtain
/k1 = k
0
1γ0 + k
i
1γi =
(
E −k~σ · eˆ
k~σ · eˆ −E
)
, (B.28)
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where eˆ = (sin θ, 0, cos θ) is the unit vector in the direction of ~k1. Similarly, one can also get
/k1γ
5 =
(
−k~σ · eˆ E
−E k~σ · eˆ
)
. (B.29)
Then clearly,
γ0 /k1 =
(
E −k~σ · eˆ
−k~σ · eˆ E
)
, γ0 /k1γ
5 =
(
−k~σ · eˆ E
E −k~σ · eˆ
)
. (B.30)
Again note that,
~σ · ~p1
E +m
≈ σz +O
(
1
E
)
,
~σ · ~p2
E +m
≈ −σz +O
(
1
E
)
. (B.31)
Now using σzχ1 = χ1 and σzχ2 = −χ2 one may easily show the following:
u1(~p1) =
√
E
(
1
1
)
χ1 +O
(
1√
E
)
, u2(~p1) =
√
E
(
1
−1
)
χ2 +O
(
1√
E
)
,(B.32a)
v1(~p2) =
√
E
(
1
−1
)
χ1 +O
(
1√
E
)
, v2(~p1) = −
√
E
(
1
1
)
χ2 +O
(
1√
E
)
,(B.32b)
⇒ v¯1(~p2) = v1†(~p2)γ0 =
√
Eχ1†
(
1 1
)
, v¯2(~p1) = −
√
Eχ2†
(
1 −1
)
. (B.32c)
B.6.1 The same helicity case
 Case-I (r1 = r2 = 1):
v¯1(~p2)u
1(~p1) = Eχ
1†
(
1 1
)(1
1
)
χ1 = 2E . (B.33a)
v¯1(~p2)γ
5u1(~p1) = Eχ
1†
(
1 1
)(0 1
1 0
)(
1
1
)
χ1 = 2E . (B.33b)
v¯1(~p2) /k1u
1(~p1) = Eχ
1†
(
1 1
)( E −k~σ · eˆ
k~σ · eˆ −E
)(
1
1
)
χ1 = 0 . (B.33c)
v¯1(~p2) /k1γ
5u1(~p1) = Eχ
1†
(
1 1
)(−k~σ · eˆ E
−E k~σ · eˆ
)(
1
1
)
χ1 = 0 . (B.33d)
 Case-I (r1 = r2 = 2):
v¯2(~p2)u
2(~p1) = Eχ
2†
(
1 −1
)( 1
−1
)
χ2 = 2E . (B.34a)
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v¯2(~p2)γ
5u2(~p1) = Eχ
2†
(
1 −1
)(0 1
1 0
)(
1
−1
)
χ2 = −2E . (B.34b)
v¯2(~p2) /k1u
2(~p1) = Eχ
2†
(
1 −1
)( E −k~σ · eˆ
k~σ · eˆ −E
)(
1
−1
)
χ2 = 0 . (B.34c)
v¯2(~p2) /k1γ
5u2(~p1) = Eχ
2†
(
1 −1
)(−k~σ · eˆ E
−E k~σ · eˆ
)(
1
−1
)
χ2 = 0 . (B.34d)
B.6.2 The opposite helicity case
 Case-I (r1 = 1, r2 = 2):
v¯2(~p2)u
1(~p1) = −Eχ2†
(
1 −1
)(1
1
)
χ1 = 0 . (B.35a)
v¯2(~p2)γ
5u1(~p1) = −Eχ1†
(
1 −1
)(0 1
1 0
)(
1
1
)
χ1 = 0 . (B.35b)
v¯2(~p2) /k1u
1(~p1) = −Eχ2†
(
1 −1
)( E −k~σ · eˆ
k~σ · eˆ −E
)(
1
1
)
χ1
= −2E χ2† {E − k~σ · eˆ}χ1 = 2Ek sin θ . (B.35c)
v¯2(~p2) /k1γ
5u1(~p1) = −Eχ2†
(
1 −1
)(−k~σ · eˆ E
−E k~σ · eˆ
)(
1
1
)
χ1
= −2E χ2† {E − k~σ · eˆ}χ1 = 2Ek sin θ . (B.35d)
In the last two steps we have used the following:
E − k~σ · eˆ = E I2 − kσx sin θ − kσz cos θ , (B.36a)
I2χ
1 = χ1 , σzχ
1 = χ1 , σxχ
1 = χ2 , χ2†χ1 = 0 . (B.36b)
C
Flavor observables and 2HDM
C.1 Neutral meson mixing
The dominant one-loop effective Lagrangian for ∆F = 2 is
L∆F=2eff =
G2FM
2
W
16pi2
∑
a,b=u,c,t
λaλbwawb [S(wa, wb)+
XaXb {2I1(wa, wb, w1+) +XaXbI2(wa, wb, w1+)}]OF . (C.1)
Here, the S(wa, wb) part is the SM contribution and the rest is due to the charged Higgs box
diagrams. For i-type BGL model, Xq = − cotβ if q = i and Xq = tanβ otherwise. Since we have
assumed the external particles to have zero (four) momenta, the down- type quark masses have
been set to zero. Under this approximation, the charged Higgs part of the Yukawa interaction
for Type I and II models are identical and scaled by a cotβ factor for all three generations.
This means, for Type I and II models, Xq = cotβ for q = u, c, t. The dimension-6 operator for
K0–K¯0 mixing is
OF = (s¯γ
µPLd)
2 . (C.2)
126
Appendix C. Flavor observables and 2HDM 127
Similar expressions can be obtained for B systems. The relevant parameters and functions are
defined as follows:
λa = V
∗
adVas , wa =
m2a
M2W
, f(x) =
(x2 − 8x+ 4) lnx+ 3(x− 1)
(x− 1)2 ,
S(wa, wb) =
f(wa)− f(wb)
wa − wb , g(x, y, z) =
x(x− 4) lnx
(x− 1)(x− y)(x− z) ,
I1(wa, wb, wc) = [g(wa, wb, wc) + g(wb, wc, wa) + g(wc, wa, wb)] ,
I2(wa, wb, wc) =
1
wa − wb
[
w2a lnwa
(wc − wa)2 −
w2b lnwb
(wc − wb)2
]
+
wc[(wc − wa)(wc − wb) + {2wawb − wc(wa + wb)} lnwc]
(wc − wa)2(wc − wb)2 . (C.3)
Obtaining M12 from the effective Lagrangian is straightforward. As an example, for K-meson
system (with BK as bag parameter),
MK12 = −
1
2mK
〈
K0
∣∣L∆F=2eff ∣∣K¯0〉 , (C.4)〈
K0
∣∣OF ∣∣K¯0〉 = 2
3
f2Km
2
KBK . (C.5)
C.2 Expressions for b→ sγ
The effective Lagrangian for b→ sγ can be written as
Leff =
√
G2F
8pi3
V ∗tsVtbmb
[√
α {C7Ls¯LσµνbR + C7Rs¯RσµνbL}Fµν
√
αs {C8Ls¯LTaσµνbR + C8Rs¯RTaσµνbL}Gaµν
]
+ h.c. , (C.6)
where Fµν and Gaµν are field strength tensors for photon and gluon, respectively, and T as are
the SU(3) generators. The branching ratio Br(b→ sγ) is given by
Br(b→ sγ)
Br(b→ ceν¯) =
6α
piB
∣∣∣∣V ∗tsVtbVcb
∣∣∣∣2 [∣∣∣Ceff7L∣∣∣2 + ∣∣∣Ceff7R∣∣∣2] , (C.7)
where, we have taken B = 0.546 [62]. The effective Wilson coefficients are
Ceff7L = η
16/23C7L +
8
3
(
η14/23 − η16/23
)
C8L + C , (C.8a)
Ceff7R = η
16/23C7R +
8
3
(
η14/23 − η16/23
)
C8R . (C.8b)
In the above equations, η = αs(MZ)/αs(µ), where µ is the QCD renormalization scale; C
corresponds to the leading log QCD corrections in SM. In the expression for the effective Wilson
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Figure C.1: Feynman diagrams involving nonstandard scalars contributing to b → sγ ampli-
tude.
co-efficients (Eq. (C.8)), the correction term is given by
C =
8∑
i=1
hiη
ai , (C.9)
where,
ai =
(
14
23
,
16
23
,
6
23
, − 12
23
, 0.4086, − 0.4230, − 0.8994, 0.1456
)
, (C.10a)
hi =
(
626126
272277
, − 56281
51730
, − 3
7
, − 1
14
,
− 0.6494, − 0.0380, − 0.0186, − 0.0057
)
. (C.10b)
These values of hi and ai can be found in [70] [see Eq. (2.3) and Table 1 of Ref. [70]].
To understand the above expressions, we first define the following functions:
F0(t) =
1∫
0
dx
1− x
x+ (1− x)t = −
1
1− t −
ln t
(1− t)2 , (C.11a)
F1(t) =
1∫
0
dx
(1− x)2
x+ (1− x)t =
−3 + 4t− t2
2(1− t)3 −
ln t
(1− t)3 , (C.11b)
F2(t) =
1∫
0
dx
(1− x)3
x+ (1− x)t =
−11 + 18t− 9t2 + 2t3 − 6 ln t
6(1− t)4 , (C.11c)
F 0(t) =
1∫
0
dx
x
x+ (1− x)t =
1− t+ t ln t
(1− t)2 , (C.11d)
F 1(t) =
1∫
0
dx
x2
x+ (1− x)t =
1− 4t+ 3t2 − 2t2 ln t
2(1− t)3 , (C.11e)
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F 2(t) =
1∫
0
dx
x3
x+ (1− x)t =
2− 9t+ 18t2 − 11t3 + 6t3 ln t
6(1− t)4 . (C.11f)
Let us further define xt = m2t /m2W , yq = m
2
q/m
2
1+, zq = m2q/m2H , z
′
q = m
2
q/m
2
A. Now the
expressions for C7L, C7R, C8L, C8R read
C7L = A
SM
γ +A
+
γL +
Qb
V ∗tsVtb
∑
q=b,s
[
AHL (zq) +A
A
L(z
′
q)
]
, (C.12a)
C7R =
ms
mb
ASMγ +A
+
γR +
Qb
V ∗tsVtb
∑
q=b,s
[
AHR (zq) +A
A
R(z
′
q)
]
, (C.12b)
C8L = A
SM
g +A
+
gL +
1
V ∗tsVtb
∑
q=b,s
[
AHL (zq) +A
A
L(z
′
q)
]
, (C.12c)
C8R =
ms
mb
ASMg +A
+
gR +
1
V ∗tsVtb
∑
q=b,s
[
AHR (zq) +A
A
R(z
′
q)
]
. (C.12d)
In the above expressions, A+ and AH,A represent the (nonstandard) charged and neutral scalar
contributions respectively (See Fig. C.1). Note that AH,A = 0 for Type I and II 2HDMs because
of the absence of tree-level FCNC in these models. They only become relevant in case of BGL
models.
The SM and the new physics contributions are given below:
 SM:
ASMγ =
1
2
[
F 1(xt) +F 2(xt) +
1
2
xtF 2(xt)− 3
2
xtF 1(xt) + xtF 0(xt)
+
4
3
F0(xt)− 2F1(xt) + 2
3
F2(xt) +
1
3
xF1(xt) +
1
3
xtF2(xt)
]
− 23
36
, (C.13a)
ASMg =
1
2
[
2F0(xt)− 3F1(xt) +F2(xt) + 1
2
xtF1(xt) +
1
2
xtF2(xt)
]
− 1
3
, (C.13b)
 Charged Higgs:
BGL Models:
A+gL =
1
4V ∗tsVtb
∑
q=u,c,t
V ∗qsVqbX
2
q [yqF1(yq) + yqF2(yq)] , (C.14a)
A+γL =
1
V ∗tsVtb
∑
q=u,c,t
V ∗qsVqbX
2
qC(yq) , (C.14b)
A+gR =
ms
mb
A+gL , A
+
γR =
ms
mb
A+γL , (C.14c)
with
C(y) =
1
2
[
1
2
yF 2(y)− 3
2
yF 1(y) + yF 0(y) +
1
3
yF1(y) +
1
3
yF2(y)
]
, (C.15)
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and for i-type model, Xq = − cotβ if q = i and Xq = tanβ otherwise (e.g. for t-type model,
Xu = Xc = tanβ, Xt = − cotβ).
Type I and II Models:
A+γL =
1
V ∗tsVtb
∑
q=u,c,t
V ∗qsVqb
[
C1L(yq) +
2
3
C2L(yq)
]
, (C.16a)
A+γR =
1
V ∗tsVtb
∑
q=u,c,t
V ∗qsVqb
[
C1R(yq) +
2
3
C2R(yq)
]
, (C.16b)
A+gL =
1
V ∗tsVtb
∑
q=u,c,t
V ∗qsVqbC2L(yq) , (C.16c)
A+gR =
1
V ∗tsVtb
∑
q=u,c,t
V ∗qsVqbC2R(yq) , (C.16d)
with,
C1L(yq) =
yq
2
[
1
2
{
F 2(yq)−F 1(yq)
}(m2s
m2q
Y 2 +X2
)
+XY
{
F 1(yq)−F 0(yq)
}]
, (C.17a)
C1R(yq) =
yq
2
[
1
2
{
F 2(yq)−F 1(yq)
}(m2b
m2q
Y 2 +X2
)
+XY
{
F 1(yq)−F 0(yq)
}]
, (C.17b)
C2L(yq) =
yq
2
[
1
2
{F2(yq)−F1(yq)}
(
m2s
m2q
Y 2 +X2
)
−XYF1(yq)
]
, (C.17c)
C2R(yq) =
yq
2
[
1
2
{F2(yq)−F1(yq)}
(
m2b
m2q
Y 2 +X2
)
−XYF1(yq)
]
. (C.17d)
In Eq. (C.17), we have to substitute X = cotβ, Y = − cotβ for Type I model and X = cotβ,
Y = tanβ for Type II model.
 CP-even Higgs (BGL Models):
AHL (zb) = −
1
8
[
{zbF1(zb)− zbF2(zb)}
(
AD
m2b
+
BC
m2b
ms
mb
)
+ 2zbF1(zb)
AC
m2b
]
, (C.18a)
AHR (zb) = −
1
8
[
{zbF1(zb)− zbF2(zb)}
(
AD
m2b
ms
mb
+
BC
m2b
)
+ 2zbF1(zb)
BD
m2b
]
, (C.18b)
with A = (Nd)sb , B = (Nd)∗bs , C = (Nd)bb , D = (Nd)
∗
bb .
AHL (zs) = −
1
8
[
{zsF1(zs)− zsF2(zs)}
(
AD
m2s
+
BC
m2s
ms
mb
)
+ 2zsF1(zs)
AC
m2s
ms
mb
]
(C.19a)
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AHR (zs) = −
1
8
[
{zsF1(zs)− zsF2(zs)}
(
AD
m2s
ms
mb
+
BC
m2s
)
+ 2zsF1(zs)
BD
m2s
ms
mb
]
(C.19b)
with A = (Nd)ss , B = (Nd)∗ss , C = (Nd)sb , D = (Nd)∗bs .
 CP-odd Higgs (BGL Models):
AAL(z
′
b) =
1
8
[{
z′bF1(z
′
b)− z′bF2(z′b)
}(AD
m2b
+
BC
m2b
ms
mb
)
+ 2z′bF1(z
′
b)
AC
m2b
]
, (C.20a)
AAR(z
′
b) =
1
8
[{
z′bF1(z
′
b)− z′bF2(z′b)
}(AD
m2b
ms
mb
+
BC
m2b
)
+ 2z′bF1(z
′
b)
BD
m2b
]
, (C.20b)
with A = (Nd)sb , B = −(Nd)∗bs , C = (Nd)bb , D = −(Nd)∗bb .
AAL(z
′
s) =
1
8
[{
z′sF1(z
′
s)− z′sF2(z′s)
}(AD
m2s
+
BC
m2s
ms
mb
)
+ 2z′sF1(z
′
s)
AC
m2s
ms
mb
]
(C.21a)
AAR(z
′
s) =
1
8
[{
z′sF1(z
′
s)− z′sF2(z′s)
}(AD
m2s
ms
mb
+
BC
m2s
)
+ 2z′sF1(z
′
s)
BD
m2s
ms
mb
]
(C.21b)
with A = (Nd)ss , B = −(Nd)∗ss , C = (Nd)sb , D = −(Nd)∗bs .
C.3 Leptonic and semileptonic B decays
We shall quote the formula used in [124]. The effective Hamiltonian is written as
Heff = CqbSMOqbSM + CqbR OqbR + CqbL OqbL , (C.22)
with
OqbSM = (q¯γµPLb)(τ¯ γ
µPLντ ) , (C.23)
OqbR = (q¯PRb)(τ¯PLντ ) , (C.24)
OqbL = (q¯PLb)(τ¯PLντ ) , (C.25)
In the above equations, q = u for B → τν and q = c for B → D(∗)τν.
R(D)
RSM(D)
= 1 + 1.5 Re
(
CcbR + C
cb
L
CcbSM
)
+ 1.0
∣∣∣∣CcbR + CcbLCcbSM
∣∣∣∣2 , (C.26)
R(D∗)
RSM(D∗)
= 1 + 0.12 Re
(
CcbR − CcbL
CcbSM
)
+ 0.05
∣∣∣∣CcbR − CcbLCcbSM
∣∣∣∣2 , (C.27)
Br(B → τν)
Br(B → τν)SM =
∣∣∣∣1 + m2Bmbmτ (C
ub
R − CubL )
CubSM
∣∣∣∣2 × ΓSMBΓB . (C.28)
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ΓB is the total decay width of the B meson. If the NP only affects the rare decay modes, then
we can take ΓB ≈ ΓSMB . Now, let us proceed to find the Wilson coefficients. For the SM part,
the relevant Lagrangian should be
LSM =
g√
2
Vqb(q¯γ
µPLb)W
+
µ +
g√
2
(τ¯ γµPLντ )W
−
µ . (C.29)
Hence at low energy, we may write
CqbSM =
g2
2M2W
Vqb =
2
v2
Vqb = 2
√
2GFVqb . (C.30)
For the NP contributions, CL and CR, we need to look at
L =
√
2
v
[
u¯(V Nd)PRd− u¯(N †uV )PLd
]
H+1 +
√
2
v
e¯N †ePLνH
−
1 . (C.31)
According to the definition, we may write
− CqbR =
2
v2m2ξ
(V Nd)qb(N
†
e )ττ , (C.32)
−CqbL = −
2
v2m2ξ
(N †uV )qb(N
†
e )ττ . (C.33)
Note the occurrence of an extra negative sign compared to CqbSM. This is because the spin-1
propagator differs from a spin-0 one by a relative negative sign (−igµν/(k2−M2W ) compared to
i/(k2 −m21+)). Since Nu is diagonal with real entries, we have
(N †uV )qb = (Nu)qqVqb . (C.34)
and,
(V Nd)qb =
∑
a
Vqa(Nd)ab
= tanβ
∑
a
Vqaδabm
d
a −mb(tanβ + cotβ)
(∑
a
VqaV
∗
ia
)
Vib (C.35)
= tanβ mbVqb − (tanβ + cotβ)mbVibδiq . (C.36)
Now, the question is, what should we use for the matrix Ne in the leptonic sector? According
to our assumption, the leptonic sector will be the exact replica of the quark sector except that
neutrinos are massless. This allows us to choose same rotation matrices for eL and νL which
will make the PMNS matrix, V = I3×3 in the leptonic sector. So the quark sector couplings
will apply also to the leptonic sector with V = I3×3 which means that there will be no flavor
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violating processes in the leptonic sector. Thus, for the leptonic sector we may write
(Ne)ab = tanβ m
e
aδab − (tanβ + cotβ)δiaδibmeb , (C.37a)
= tanβ diag{0,mµ,mτ} − cotβ diag{me, 0, 0} for i = u , (C.37b)
= tanβ diag{me, 0,mτ} − cotβ diag{0,mµ, 0} for i = c , (C.37c)
= tanβ diag{me,mµ, 0} − cotβ diag{0, 0,mτ} for i = t , (C.37d)
Nν = 0 , (C.37e)
where the change of notation is obvious.
Now it is straightforward to evaluate the matrix elements for specific models:
u-model:
(Ne)ττ = mτ tanβ , (C.38a)
(N †uV )ub = −mu cotβ Vub ; (N †uV )cb = mc tanβ Vcb , (C.38b)
(V Nd)ub = −mb cotβ Vub ; (V Nd)cb = mb tanβ Vcb . (C.38c)
c-model:
(Ne)ττ = mτ tanβ , (C.39a)
(N †uV )ub = mu tanβ Vub ; (N
†
uV )cb = −mc cotβ Vcb , (C.39b)
(V Nd)ub = mb tanβ Vub ; (V Nd)cb = −mb cotβ Vcb . (C.39c)
t-model:
(Ne)ττ = −mτ cotβ , (C.40a)
(N †uV )ub = mu tanβ Vub ; (N
†
uV )cb = mc tanβ Vcb , (C.40b)
(V Nd)ub = mb tanβ Vub ; (V Nd)cb = mb tanβ Vcb . (C.40c)
Note that, for t-models neither of the above mentioned decay widths will depend on tanβ.
C.4 Bs → µ+µ−
The effective Hamiltonian is
Heff = CbsAObsA + CbsS ObsS + CbsP ObsP , (C.41)
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with
ObsA = (b¯γαPLs)(µ¯γ
αγ5µ) , O
bs
S = mb(b¯PLs)(µ¯µ) , O
bs
P = mb(b¯PLs)(µ¯γ5µ) . (C.42)
Note that in addition to the above operators, there will be operators of the form (b¯PRs)(µ¯µ) and
(b¯PRs)(µ¯γ5µ). But the Wilson coefficients corresponding to these operators will be proportional
to ms (instead of mb) and their contribution can be neglected (mb  ms) as argued in [125].
With this assumption we can write
Br(Bs → µ+µ−)
Br(Bs → µ+µ−)SM =
{∣∣∣∣1−m2Bs CbsP2mµCbsA
∣∣∣∣2 +m4Bs
(
1− 4m
2
µ
m2Bs
)∣∣∣∣ CbsS2mµCbsA
∣∣∣∣2
}
ΓSMB
ΓB
. (C.43)
The relevant part of the Lagrangian (for BGL models) to evaluate CbsS and C
bs
P is
Lquark =
R
v
d¯(NdPR +N
†
dPL)d+ i
A
v
d¯(NdPR −N †dPL)d
= (N †d)bs
R
v
b¯PLs− i(N †d)bs
A
v
b¯PLs
= (N †d)bs
h
v
cos(β − α)b¯PLs− (N †d)bs
H
v
sin(β − α)b¯PLs− i(N †d)bs
A
v
b¯PLs ,(C.44)
Llepton = −H
0
v
e¯Dee+
R
v
e¯(NePR +N
†
ePL)e+ i
A
v
e¯(NePR −N †ePL)e
= −mµ
v
µ¯µH0 +
(Ne)µµ
v
µ¯µR+
i(Ne)µµ
v
µ¯γ5µA
=
[
h
v
{− sin(β − α)mµ + cos(β − α)(Ne)µµ}
+
H
v
{− cos(β − α)mµ − sin(β − α)(Ne)µµ}
]
µ¯µ+ i
A
v
(Ne)µµµ¯γ5µ . (C.45)
Note that terms involving b¯PRs have not been displayed. Their coefficients are proportional to
(Nd)bs, which is proportional to ms, and are therefore neglected.
(Nd)bs = −(tanβ + cotβ)V ∗ibVisms , (C.46a)
(N †d)bs = (Nd)
∗
sb = −(tanβ + cotβ)V ∗ibVismb . (C.46b)
The Wilson coefficients are
CbsS = (tanβ + cotβ)
V ∗ibVis
v2
{
cos(β − α)
m2h
[− sin(β − α)mµ + cos(β − α)(Ne)µµ]
+
sin(β − α)
m2H
[cos(β − α)mµ + sin(β − α)(Ne)µµ]
}
, (C.47)
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and
CbsP = (tanβ + cotβ)
V ∗ibVis
v2
(Ne)µµ
m2A
. (C.48)
The SM Wilson coefficient is [125]
CbsA =
αGF
2
√
2pi sin2 θw
V ∗tbVts2Y (xt) , Y (xt) = 0.997
[
mt(mt)
166 GeV
]1.55
≈ 1.0 . (C.49)
C.5 Current experimental numbers
1. b → sγ: SM = (3.15 ± 0.23) × 10−4 [70–72], EXP=(3.55 ± 0.26) × 10−4 [59], Br(b →
ceν)exp = (10.51± 0.13)% [126]. Note that we have taken Br(b→ ceν) ≈ Br(b→ c`ν).
2. R(D), R(D∗): The experimental numbers are [127]:
R(D) ≡ Br(B → Dτν)
Br(B → D`ν) = 0.440± 0.072 , (C.50)
R(D∗) ≡ Br(B → D
∗τν)
Br(B → D∗`ν) = 0.332± 0.030 , (C.51)
R ≡ τ(B
0)
τ(B−)
Br(B− → τ−ν¯)
Br(B¯0 → pi+`−ν¯) = 0.73± 0.15 . (C.52)
But, for analysis purpose, the following numbers will be directly usable [127]:
R(D)exp
R(D)SM
= 1.49± 0.26 , (C.53)
R(D∗)exp
R(D∗)SM
= 1.32± 0.12 , (C.54)
Rexp
RSM
= 2.38± 0.66 . (C.55)
3. Bs → µ+µ−: SM = (3.65±0.30)×10−9 [128,129], SM(updated)= (3.54±0.23)×10−9 [73],
EXP= (3.2± 1.0)× 10−9 [74].
4. For ∆MK , ∆Md and ∆Ms, we have used the central values given in PDG because the
errors are very small.
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